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Abstrak 
  
Penelitian ini berfokus pada pengaruh karakteristik 
asimetrik damper pada kualitas kenyamanan penumpang pada 
mobil yang tipikal. Termotivasi oleh kebutuhan untuk menemukan 
cara yang efektif namun ekonomis untuk meningkatkan 
kenyamanan berkendara bagi penumpang, penelitian ini 
disimulasikan dengan menggunakan data damper asimetrik yang 
sebenarnya pada mobil penumpang yang tipikal (model mobil 
seperempat) untuk mengevaluasi kualitas kenyamanannya. 
Karakteristik damper asimetrik ditunjukkani dengan 
menggunakan dua konstanta sebagai koefisien redaman, satu 
ketika suspense sedang kompresi dan satu lagi ketika suspensi 
perpanjang. 
Input transien adalah fungsi dari parameter keparahan, γ 
yang mewakili keparahan impak, sedangkan input sinusoidal 
adalah fungsi dari kecepatan kendaraan. Rasio asimetri juga 
divariasikan untuk mengevaluasi pengaruhnya terhadap tingkat 
kenyamanan berkendara akibat sistem asimetris. 
Dengan berbagai input jalan, variasi parameter 
keparahan, rasio asimetri serta kecepatan kendaraan, indeks 
performa dan nilai root-mean-square (RMS) percepatan massa 
mobil dapat dihitung sehingga efektivitas sistem asimetris dapat 
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dinilai dengan menggunakan ISO 2631-1 sebagai tolak ukur 
kualitas kenyamanan penumpang. 
Performa kendaraan selama situasi impak berbanding 
lurus dengan kedua rasio asimetri dan rata-rata, meskipun tidak 
diketahui oleh berapa banyak masing-masingnya. Namun, 
perbandingan antara sistem simetris dan asimetris menunjukkan 
bahwa sistem asimetris, dengan rasio asimetri atas 1, cenderung 
memiliki performa yang lebih halus dan progresif. 
Kecenderungan ini meningkat dengan meningkatnya parameter 
keparahan  
Analisis pada input sinusoidal menunjukkan bahwa rasio 
asimetri tidak memengaruhi peforma kendaraan, hanya rata-rata 
asimetri saja yang memengaruhi. Pada kecepatan resonansi, 
model mobil seperempat menunjukkan bahwa semakin tinggi rata 
asimetri, semakin bagus performa kendaraan. Pada kecepatan 
lainnya, model mobil seperempat menunjukkan bahwa performa 
lebih rendah dengan meningkatnya rata-rata asimetri. 
 
Kata kunci: pemodelan, redaman asimetris, respon dinamis 
kendaraan, sistem suspensi, kenyamanan berkendara 
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Abstract 
                
This research focuses on the influence of 
asymmetrical characteristics of dampers on the ride quality of 
a typical passenger car. Motivated by the necessity to find 
effective yet economical ways to improve ride comfort for 
passengers, this research simulated real asymmetrical 
damper data to a typical passenger car (quarter car model) in 
order to evaluate its ride quality. The nonlinear asymmetric 
dampers are conveniently characterized by two constants 
viscous damping terms, one for compression and another for 
extension.  
Transient inputs are functions of severity parameter, γ 
that represent severity of impact, while the sinusoidal input is 
a function of vehicle velocity. The asymmetry ratio is also 
varied to assess its influence on the apparent improvement in 
comfort provided by the asymmetrical system.  
With different standard road inputs, variation of 
severity parameter, the asymmetry ratios as well as the 
velocity of the vehicle, performance indices and root mean 
square (RMS) values of acceleration of the sprung mass in 
respect to vehicle velocity are also derived so that the efficacy 
 ii 
 
of the asymmetrical systems can be assessed using ISO 2631-
1 as a measurement of evaluating passenger comfort.  
Vehicle performance during impact situations is 
directly proportional to both asymmetry ratio and average, 
although it is unknown by how much to each. However, 
comparison between the symmetrical and asymmetrical 
systems showed that the asymmetrical system, with asymmetry 
ratio above 1, tends to have a smoother and more progressive 
performance. This tendency increases with larger severity of 
impacts.  
Analysis under steady-state input showed that 
asymmetry ratio does not influence the vehicle performance, 
only the asymmetry average does. At the resonant velocity, the 
quarter car model shows that the higher the asymmetry 
average, the higher is the performance of the vehicle. At any 
other velocity, the quarter car model shows that the 
performance is lower the higher the asymmetry average. 
 
Keywords: modelling, asymmetric damping, dynamic 
responses of vehicle, suspension    system, ride comfort 
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CHAPTER I 
INTRODUCTION 
 
1.1 Research Background 
The suspension system on a vehicle has a myriad of 
purposes. The main objective is to isolate the vehicle from 
disturbances so that the driver can keep control of the 
vehicle, without endangering his and the passengers’ well-
being [1,2]. The disturbances can be caused by 
irregularities on the road, or caused by loads inherent of the 
operation of the vehicle, such as acceleration, braking and 
turning, as well as aerodynamic loads. The loads on the 
interface between tire and road are of great importance, not 
only for the vehicle performance, but also for road 
degradation. Appropriate suspension design may 
considerably reduce damage inflicted by the vehicle on 
some types of roads [3]. The cost of the suspension system 
should also be kept at a minimum in order to improve the 
commercial attractiveness of the vehicle. Therefore, these 
many purposes are generally contradictory, making the 
design of the system a global optimization process. 
Classically, a suspension system comprises of 
symmetrical damping force [4]. However when this damper 
is exposed to transients which come from impact situations, 
this configuration does not give the best performance [5]. 
In normal cars, damping forces are rarely symmetrical [5-
7]. To counter that, active and semi-active suspension 
systems have been proposed [1]. 
Active and semi-active control of vehicle dynamics 
itself is always a subject of major interest, and nowadays 
damping control systems are incorporated in serial 
constructions of passenger cars. Rapid progress in the 
analysis, design and technology of the control systems 
leads to the need for an accurate description of the 
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dynamics of all components involved, such as the tire or 
damper [1,6]. 
It is well-known that automobile dampers are non-
linear [5-7], yet so far much modelling is done on 
assumption that it is linear [8,10]. Although this is good 
enough for some cases, this linear modelling is of course 
too poor to describe the power-flow over a broad region of 
operating conditions [6]. Moreover, some studies have 
shown that a non-linear damping system can give a 
smoother and more progressive performance without the 
added ‘cost’ of the active or semi-active dampers [2]. 
Therefore, this research is carried out in order to learn more 
about the linear asymmetrical damping.      
 
1.2 Problem Formulation 
This research is carried out to answer the following 
questions: 
1. How to model and simulate the influence of linear 
asymmetrical damper on the dynamic responses of 
the quarter car model. 
2. What is the influence of the variations of linear 
asymmetrical damper angles on the dynamic 
responses of the quarter car model? 
3. Is it possible to conclude the best variations of angles 
per maximum ride comfort, as standardized by 
ISO2631? If it is, conclude. 
 
1.3 Research Objectives 
The objectives of the research are:  
1. To model and simulate the influence of linear 
asymmetrical damper on the dynamic responses of 
the quarter car model. 
2. To analyse the influence of the variations of linear 
asymmetrical damper angles on the dynamic 
responses of the quarter car model. 
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3. To find out whether it is possible to conclude the 
best variations of angles for maximum ride comfort, 
as standardized by ISO2631. If it is, conclude. 
 
1.4 Research Restrictions 
This research is carried out keeping in mind with 
restrictions, such as: 
1. The vehicle velocity is constant. 
2. The quarter car model is a 2DOF system. 
3. The vehicle is assumed to be moving in a straight 
line. 
4. The parameters used when simulating the quarter car 
model are taken from a typical passenger car. 
 
1.5 Research Benefits 
This research is carried out for benefits such as: 
1. To provide recommendation on the asymmetrical 
damper angle for the best ride comfort. 
2. To give comparison on how asymmetrical damper 
influence dynamic responses, as compared to 
symmetrical damper. 
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CHAPTER II 
LITERATURE STUDIES 
 
2.1 Literature Studies 
The automotive suspension on a vehicle has always 
been a subject of major interest. Not only it has to be able 
to support the vehicle static weight and to isolate a car 
body from road disturbances, it has to enable good road 
holding as well as good handling. Apart from these basic 
operational aspects, the suspension should provide a good 
level of comfort for the passengers, minimizing the 
movements and accelerations imposed on and perceived by 
them [1,2]. Although the most common suspension system 
is still passive suspension, it is well known that they are not 
ideally suited to the whole range of operational conditions 
and purposes. Analysis of passive suspensions in a quarter 
car model shows that there are significant trade-offs in 
performance between the ride quality, road holding and its 
ability to support the vehicle static weight [1]. In order to 
get improved performance in all these aspects, researchers 
have suggested various kinds of suspension.  
Active suspensions and semi-active suspensions are 
now often used as they give superior performance than 
passive suspensions. Active suspension is a system with 
compressors, hydraulic pumps and actuators that requires 
an input of energy, while semi-active suspension consists 
of a twin tube viscous damper in which the damping 
coefficient can be varied by changing the diameter of 
orifice [1]. Despite having very good efficacy (more so the 
active suspension), the considerable increase in complexity, 
involving sensors, actuators, considerations of power 
consumption and thus the extra cost that comes with it can 
actually lower the commercial attractiveness of the vehicle. 
Although the level of comfort is increasingly seen as one of 
the main contributing factors for purchase decision, the 
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cost of this comfort level still has to be kept at a minimum 
so that the vehicle can remain competitive in market [2]. 
Such contradictory criteria therefore require the design of 
the suspension to be an optimization. 
The classic theory of mechanical vibrations usually 
considers a viscous damper which acts as a continuous and 
proportional way to the required velocity, i.e. it acts in a 
linear and symmetrical manner [4, 8,10]. However when 
this damper is exposed to transients which come from 
impact situations, this configuration does not give the best 
performance [5]. Several studies have proposed a solution 
of adopting a viscous damper that acts in an asymmetrical 
way, i.e. it has larger dissipation effect in the opposite 
direction of the usual impact situation [2,6,11,12]. 
Moreover, there are experimental data that show that 
automotive dampers are indeed non-linear dynamical 
systems as in Figure 2.1[6,7].  
 
Fig. 2.1 A Damping Force- Velocity Diagram Acquired From 
Dampers of an Angguna Car [7] 
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Wallaschek [6] discussed the methods of harmonic 
and stochastic linearization in respect to applications in 
damper dynamics. With the use of experimental data, he 
argued that various simple physical interpretations of the 
experimental results can be obtained for a typical passenger 
car’s shock-absorber. Wallaschek applied harmonic motion 
with frequency of 1 Hz to the damper to produce the force-
displacement and force-velocity diagrams as in Figure 2.2. 
He then analysed the effects of asymmetry by using the 
discussed methods.  
 
 
Fig. 2.2 Force-Velocity Diagram [6] 
 
Wallaschek’s data showed that dampers behave 
asymmetrically. He wrote that the force-velocity 
characteristic of the damper can be described by two 
constants viscous damping terms, one for compression and 
another for extension. Wallaschek however concluded that 
the best way to describe the dynamics of a damper – at 
least for harmonic or stationary random motion – seems to 
be the direct use of an equivalent linear model whose 
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parameters are estimated using the experimental techniques 
he described. 
Ahmed et al in 1992 [11] had used the same 
equivalent linearization technique as Wallaschek but took it 
further by analyzing the asymmetric dampers’ ride quality. 
Since the ride quality analyses are primarily performed in 
the frequency domain, the nonlinear asymmetric dampers 
are conveniently characterized by either linear or linear 
equivalent force-velocity characteristics. They adopted a 
model employing dampers with multi-phase and 
asymmetric characteristics in compression and extension to 
achieve improved ride quality or handling trade-off. The 
dampers are designed to yield high damping corresponding 
to low velocity, to achieve improved control of handling, 
and yield low damping at high velocity to improve 
vibration isolation and ride quality as in Figure 2.3.  
 
Fig. 2.3 Typical Force-Velocity Characteristics of a 
Hydraulic Damper [11] 
 
In 1994, Ahmed et al [12] had again proposed a 
different linearization technique to analyze asymmetric 
dampers. Frequency response characteristics of mechanical 
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systems with symmetric and asymmetric restoring and 
dissipative components are evaluated using a local 
equivalent algorithm based upon principle of energy 
similarity. The equivalent models, formulated as a function 
of local excitation frequency and amplitude, are solved in 
the convenient frequency domain and the response 
characteristics are compared with those derived from 
integration of nonlinear differential equations. A 
comparison of the results revealed that the magnitude of 
response error for symmetric elements is higher than that of 
asymmetric elements, yet it can be considerably reduced 
using the force similarity. 
Rajalingham et al [14] in 2003 had analyzed the 
influence of suspension damper asymmetry on the vehicle 
vibration response due to ground excitation using the 
quarter car model. They assumed that the non-linear 
suspension damper to have different damping coefficients 
for compressive and expansive motions of the suspension, 
much like many suggested before. The study however was 
done to enhance an understanding of the mechanism 
associated with the downward shifting of the sprung mass.  
Motivated by the necessity to find effective yet 
economical ways to improve ride comfort for passengers, 
Silveira et al [2] compared the behaviour of two different 
types of dampers - symmetrical (linear) and asymmetrical 
(non-linear) – for use on passenger vehicles. In their study, 
Silveira et al utilised simplified parameters of asymmetrical 
damper suggested by Wallaschek which is to assigned two 
constants viscous damping terms, one for compression and 
another for expansion. The following force-velocity 
diagram in Figure 2.4 and mathematical function (2.1) of 
the quarter-car model Silveira et al used illustrated the 
simplified parameters. 
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Fig. 2.4 Generic Asymmetrical Characteristic of a Damper [2] 
 
            
  
              
  
             
 ……………………… 2.1  
 
Silveira et al utilised standard road inputs as 
functions of severity parameter, γ. The effect of γ can be 
seen in these figure, as it assumes the values 1 (low 
impact), 5 (less severe impact) and 20 (more severe 
impact). Larger values of γ may represent an irregularity 
which is hit at a higher velocity, or a sharper irregularity 
which the latter case can be seen in Figure 2.5. The 
asymmetry ratio (    
 
  
 ) was then varied by Silveira et al 
to assess its influence on the apparent improvement in 
comfort provided by the asymmetrical system.  
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Fig. 2.5 Modified Step as Road Input With Different Severity 
Parameters 
 
With different standard road inputs, variation of 
severity parameter, the asymmetry ratios as well as the 
velocity of the vehicle, performance indices and 
acceleration values are derived so that the efficacy of the 
asymmetrical systems can be assessed. The performance 
indices include relative displacement ratio (RDR), shock 
displacement ratio (SDR) and shock acceleration ratio 
(SAR). Their respective equations are given below: [2] 
 
      
        
     
 
   
      
       
     
       
        
        
..…(2.2) 
 
Their study showed that the asymmetrical system 
tends to have a smoother and more progressive 
performance, both for vertical and angular movements. 
During the simulation of the half-car model, Silveira et al 
found that the use of asymmetrical system only at the front 
of the vehicle can further diminish the angular oscillations. 
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Ultimately they recommended the use of asymmetrical 
systems for vibrations and impact absorption. 
Passenger comfort is a key issue in design and 
manufacture of modern automobiles. The level of comfort 
of passengers depends on the amplitude and frequency of 
vibrations, as well as on direction. One of the most 
common methods used for measurements of vibrations 
affecting humans are the ones described in the ISO 2631-1 
[13]. As per this standard, passenger comfort principally 
depends on the root mean square (RMS) value of 
acceleration and the frequency of vibrations on his body.  
Since a particular vibration condition may be 
considered to cause unacceptable discomfort in one 
situation but may be classified as pleasant or exciting in 
another, many factors combined to determine the degree to 
which discomfort may be noted or tolerated. Comfort 
expectations and annoyance tolerance are quite different in 
transportation vehicles compared to commercial or 
residential buildings. Moreover, interference with 
activities, i.e. reading, writing, drinking, due to vibration 
may sometimes be considered a cause of discomfort. 
 Studies have shown the following values in Table 
2.1 give approximate indicators of likely reactions to 
various magnitudes of overall vibration total values in 
public transport. However the reactions at various 
magnitudes depend on passenger expectations with regard 
to trip duration and the type of activities they are engaging 
in. Figure 2.6 also shows the values of accelerations 
accepted to allow comfort. 
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Table 2.1 Acceptable Value of Vibration Magnitude For         
Comfort [13] 
Magnitude Comfort Levels 
a < 0.315 m/s2 Not uncomfortable 
0.315 m/s2< a < 0.63 m/s2 A little uncomfortable 
0.5 m/s2< a < 1 m/s2 Fairly uncomfortable 
0.8 m/s2< a < 1.6 m/s2 Uncomfortable 
1.25 m/s2< a < 2.5 m/s2 Very uncomfortable 
a > 2 m/s2 Extremely uncomfortable 
 
 
Fig. 2.6 Graph of Exhaustion Limit Due To Receiving 
Vertical Vibrations [13] 
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2.2 Basic Concepts 
 
2.2.1 The Theory of Vibration 
1. Definition of Vibration 
Any motion that repeats itself after an interval 
of time is called vibration or oscillation [4]. For 
instance, typical examples of vibration are the 
swinging of a pendulum or the motion of a plucked 
string on a guitar. A vibratory system, in general, 
includes a means of storing potential energy (spring 
or elasticity), a means for storing kinetic energy 
(mass or inertia), and a means by which energy is 
gradually lost (damper) [4]. Therefore, the vibration 
of a vibratory system involves the transfer of its 
potential energy and of its kinetic energy to potential 
energy, alternately. This is demonstrated nicely in 
the swinging of a pendulum. 
Mass or inertia, spring or elasticity and 
damper are elementary parts of a vibratory system. 
Figure 2.7 is an illustration of the elementary parts 
along with their symbols.   
 
 
                    Fig. 2.7 A 1DOF Mass-Spring-Damper System 
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2. Degree-of-freedoms (DOF) 
The minimum number of independent 
coordinates required to determine completely the 
positions of all parts of a system at any instant of 
time defines the number of degree-of-freedoms 
(DOF) of the system. [4] 
  
3. Equation of Motion 
Equations of motion are the governing 
equations derived from each mass or inertial body 
and its interaction with other elements of the 
vibratory system in order to study the response of the 
system. In order to derive the equations of motion, 
one must first study the equations governing how 
energy is stored or dissipated in the elements of a 
vibratory system.[4] 
 
Potential Energy (V) of equivalent spring coefficient 
(keq or kt,eq): 
 
   
 
 
 
   
    
   
 
 
 
   
    
   
 
 
      
 ……..(2.3) 
 
Kinetic Energy (T) of equivalent mass (meq) or 
inertia (Jeq): 
 
   
 
 
    + 
 
 
   
 
  
 
 
      
  or 
 
 
       
 
………….(2.4) 
 
Damping Energy (D) of equivalent damping 
coefficient (ceq): 
 
D = 
 
 
 
   
    
  =  
 
 
    
 ……………………….…...(2.5) 
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With knowledge of these equations governing 
the elementary parts of a vibratory system, one can 
find the equations of motion of a vibratory system 
using either one the following methods: 
 
Newton’s Second Law of Motion 
 
      and      …………………...….(2.6) 
 
Energy Method 
 
 
  
        ……………………..…………...(2.7) 
 
Lagrange Method 
 
 
  
 
  
  
   
  
  
 
  
  
  ……….……….............…(2.8) 
Where:   L = T – V 
               D =  
 
    
 
4. Response of a Vibratory System 
The solution to a vibratory system consists of 
equations in terms of time that represent the motion 
of the vibratory system. This is usually known as the 
response of a vibratory system. [4] 
The response of a vibratory system varies 
greatly with the excitation that causes the system to 
vibrate, i.e. free vibration, harmonic vibration, 
periodic vibration, non-periodic vibration, base 
excitation, etc. However, the procedure to find the 
solution of a vibratory system is still fairly simple 
whatever kind of excitation causes the vibration. 
First by deriving the equation of motion of the 
system, then by using assumptions of displacement – 
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assumptions vary with the kind of excitation – one 
can derive the response of a vibratory system. 
In the case of free vibration as the excitation, 
the vibratory system will give a response known as a 
transient or homogeneous response. Under harmonic 
vibration though, the response of the vibratory 
system can be categorized into two: transient 
response and steady or particular response. The 
transient response will die out after the initial 
excitation, while the steady response will be present 
as long as the forcing function is present. 
 
Transient or Homogeneous Response 
The transient response comes about to 
suddenly applied non-periodic excitation, i.e. a bump 
on the road. With time, the response will die out to 
let the system stabilize. 
The equation of motion in order to find the 
solution to the transient part of the system response 
is: 
          …………………..………….(2.9) 
 
Steady or Particular Response 
The steady response of the vibratory system 
refers to the response the system produces under the 
influence of a forcing function while it is applied. 
Below is the illustration of a steady response. 
The equation of motion in order to find the 
solution to the steady part of the system response in 
which F(t) is the forcing function present during 
harmonic vibration excitation is:   
             …………………..……..(2.10) 
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5. Response of a Damped System Under the Harmonic 
Motion of the Base 
A common case in which a system of mass, 
spring and damper is harmonically excited can be 
observed in Figure 2.8.  
 
 
Fig. 2.8 A Mass-Spring-Damper System 
 
Excitation y(t) represents base displacement, 
while x(t) represents the displacement of mass 
relative to its steady-state position. Both y(t) and x(t) 
are functions of time. Figure 2.9 shows the free body 
diagram of the case above. 
 
 
Fig. 2.9 Free Body Diagram of System Described in Fig. 2.8 
 
 rom  the free body diagram above, an 
equation of motion can be derived. ( -y) represents 
elongation of spring, while (   -y  ) the relative 
velocity of the damper. 
 
M
K C
Y(t)
X
Base
m
X
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                    ……….......…(2.11) 
Assuming            , the equation becomes:  
                 
                  
                                    …………......(2.12)
  
Where:               
                     
  
 
  
This shows that base excitation is equivalent 
to a harmonic force of value A to the mass. The 
steady-state response can be represented as:  
      
          
                   
            ...(2.13) 
Where:       
   
  
     
  
Using trigonometry, the equation can be simplified 
to: 
                ….................................(2.14) 
In which:  
 
 
   
        
              
 
   
      
        
                 
 
   
 ……...(2.15) 
 
        
    
              
  =       
    
       
  …………...(2.16) 
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The displacement transmissibility 
The ratio of the amplitude of the response 
      to that of the base motion,     , 
 
 
 , is called 
the displacement transmissibility as in Figure 
2.10[4]. 
 
Fig. 2.10 A Transmissibility Displacement – Frequency Ratio Graph 
 
The following aspects of displacement 
transmissibility,     
 
 
 , can be noted from: 
1. The value of    is unity at r = 0 and close to unity 
for small values of r. 
2. For an undamped system ( =0),     ∞ at 
resonance ( r = 1 ). 
3. The value of    is less than unity (   < 1)for values 
of   at r >  2 (for any amount of damping  ). 
4. The value of    is unity for all values of   at r =  2 . 
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5. For r <  2, smaller damping ratios lead to larger 
values of   . On the other hand, for r >  2, smaller 
values of damping ratios lead to smaller values of 
  . 
6. The displacement transmissibility,   , attains a 
maximum for 0 <   < 1 at the frequency ratio 
      1 given by: 
    
 
  
   1      1 
   
……………….....(2.17) 
 
6. Multi degree-of-freedom (DOF) Systems 
A multi degree-of-freedom (DOF) system 
requires more than one number of independent 
coordinates to determine completely the positions of 
all parts of a system at any instant of time [4]. Below 
in Figure 2.11 is a 2-DOF system below.  
 
Fig. 2.11 A 2-DOF System 
 
The procedure of analysing the system above can be 
summarized into steps below: 
1. Set up suitable coordinates to describe the positions 
of the masses and rigid bodies in the system. Assume 
suitable positive directions for the displacements, 
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velocities and accelerations of the masses and the 
rigid bodies. 
2. Determine the static equilibrium configuration of the 
system. 
3. Draw the free body diagram of each mass and rigid 
body in the system.  
4. Apply Newton’s second law of motion to each mass 
and rigid body shown by the free body diagrams as: 
              (for mass i)  
Or  
             (for rigid body of inertia i)  
5. Using Lagrange, equation of motion can be derived. 
Lagrange equation for n degree-of-freedom is as 
followed: 
 
 
  
 
  
    
  
  
   
 
  
   
   
     , j = 1, 2, ..., n…..(2.18)
  
 
In which            is velocity and  Qj
(n) is non-
conservative force. When only conservative forece 
presents, Qj
(n) = 0. 
6. Besides, using Lagrange equation, equation of 
motion can be solved using software Simulink 
Matlab. This will be explained in later chapter. 
 
 
2.2.2 System Modelling 
1. State-Variable Modelling 
State-variable modelling requires the equation 
motion to be converted into another form as shown 
below. By assuming the following:            
      he equation of motion is then converted [9]: 
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)()( tFkxcvvmtFkxxcxm  
                
 kxcvtF
m
v  )(
1
  ……………..(2.19) 
A general representation of state variable 
equations in matrix form is shown below. 
     uBqAq ][][  ……………………...…(2.20) 
 
2. Simulink MATLAB 
To see the response of a vibratory system, the 
software Simulink Matlab can be utilised as per in 
this final project. Simulink itself is a software 
extension of Matlab that allows users to simulate 
modelling of a dynamic system on a computer 
accurately using block diagram notation from its 
library browser. 
Simulink can be used simultaneously with 
Matlab. For example, after creating the Simulink 
model file and m-file, one can simply summon the 
Simulink model by writing a certain command on the 
m-file.  
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CHAPTER III 
RESEARCH METHODOLOGY 
 
In this paper, the influence of asymmetrical damping force 
on dynamic responses of quarter car model is studied. The study 
is carried out according the following processes as in Figure 3.1: 
 
 
Fig. 3.1 Flowchart of the Influence of Asymmetrical Damping Force on The 
Dynamic Responses of Quarter Car Model 
 
This research is generally carried out according to the 
flowchart in Fig.3.1. First, a study of literature is done concerning 
the asymmetrical characteristics of dampers and factors 
concerning ride comfort for a typical passenger car. The 
parameters of the chosen passenger car are collected, and 
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modelling is done using the well-known quarter car model. 
Equations of motion are used in the form of state variable 
equations to build block diagrams in Simulink MATLAB. 
Outputs such as time responses, performance indices and RMS 
accelerations in the frequency form of responses are analyzed and 
conclusions are then drawn.     
3.1 During Study of Literature 
In this paper, prior studies are needed to support the 
analysis of the influences of asymmetrical damping force 
on dynamic responses of quarter car model. Therefore, 
study of literature is done to support and serve as 
foundation of this study. Supporting data of system 
modelling can be found in books. Other than that, scientific 
journals are used to serve as additional references.  
 
3.2 During Mathematical Modelling of System 
In this paper, one type of model is being observed - a 
quarter car model. This model is derived from an 
automotive vehicle as in Figure 3.2. Inputs that are used are 
road excitation in forms of both transient (modified step 
and bump) and steady state (sinusoidal). The dynamic 
responses are used in determining the ride comfort level 
according to ride comfort standard ISO 2631-1. 
 
 
 Fig. 3.2 A Typical Passenger Sedan Car 
 
Figure 3.3 is a mathematical model of a quarter car 
with 2 degrees of freedom (DOF). Modelling includes Ms 
(sprung mass) which represents the car body mass and Mu 
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(unsprung mass) which represents the tires mass. Ks and 
Ku represent the suspension and the tires stiffness, 
respectively. Correspondingly, Cs and Cu represent the 
suspension and the tires damping coefficients. 
 
 
      Fig. 3.3 A Quarter Car Model 
 
3.3 During Forming Equations of Motion 
The process of forming equations of motion of the 
quarter car model can be represented on the flowchart 
following in Figure 3.4: 
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Fig. 3.4 Flowchart of the Process of Forming Equations of Motion 
 
3.4 Developing Simulink MATLAB Block Diagrams 
Equations of motion in the form of state variable are 
then used to build block diagrams in Simulink MATLAB. 
Block diagrams are developed using the software Simulink 
Matlab in order to be able to generate the desirable outputs. 
Executions of programme are done using three kinds of 
input: modified step input, modified bump input and the 
sinusoidal input. The modified step and bump inputs are 
functions of severity parameter, γ. The effect of γ in both 
inputs can be seen, as it assumes the values 1 (low impact), 
5 (less severe impact) and 20 (more severe impact). Larger 
values of γ may represent an irregularity which is hit at a 
higher velocity, or a sharper irregularity. The sinusoidal 
input is a function of the vehicle velocity. Three variations 
are utilised, as it presumes the values of 40 km/hr (low 
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speed), 60 km/hr (medium speed) and 80 km/hr (high 
speed). 
Variations of damping coefficient for compressive 
and expansive motion of the suspension,   
  and   
 , are 
used in addition to the original experimental data of the 
asymmetrical damper of the Angguna car as can be seen in 
Table 3.1. The influences of asymmetry ratio     
 
  
 and 
asymmetry average     
    
 
 are assessed, too. The 
responses produced are time responses as well as the 
frequency responses corresponding to different velocities. 
 
Table 3.1 Variations of Damping Coefficients for 
Compressive and Expansive Motion of the Suspension 
   
Csplus (Ns/m) 
   
350 2000 4000 
C
sm
in
 (
N
s/
m
) 1430 
β 0.24476 1.3986 2.7972 
α 890 1715 2715 
2000 
β 0.175 1 2 
α 1175 2000 3000 
4000 
β 0.0875 0.5 1 
α 2175 3000 4000 
 
The process of developing the block diagrams is 
summarized on the flowchart in Figure 3.5.  
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Fig. 3.5 Flowchart of Developing Block Diagrams in Simulink MATLAB 
   
3.5 During Analysis of Results 
By modelling using Simulink MATLAB, dynamic 
responses output including the displacement, velocity and 
acceleration graphics with different inputs (modified step, 
modified bump and sinusoidal inputs) as functions of 
severity parameter or vehicle velocity. Graphics produced 
include time responses graphics and performance indices as 
well as RMS acceleration in the form of the frequency 
responses. Effects of variations of damping coefficient of 
the suspension can be seen through these graphics. 
Graphics will be then analysed and evaluated according to 
the ISO 2631-1 standard for ride comfort. 
Conclusions that are drawn will cover several points. 
First, a conclusion with regards of the time responses of the 
quarter car modelling due to different inputs i.e. modified 
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step and bump input, and the sinusoidal input. Second, a 
conclusion that concerns the difference of symmetrical 
damping and asymmetrical damping on the effects of the 
time responses of the quarter car modelling with different 
inputs. Third, conclusions with reference to the level of 
ride comfort produce with different combinations of the 
variations of the damping coefficients. For the transient 
inputs, performance indices are used to measure level of 
comfort while for steady state input, RMS acceleration in 
the form of frequency response are used with reference to 
the ISO 2631-1. 
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CHAPTER IV 
SYSTEM MODELLING 
 
4.1 Mathematical Modelling of System 
The model that is used in this final project is a 
quarter car model with 2 degree-of freedom, as illustrated 
below in Fig. 4.1. 
 
 
Fig. 4.1 A Quarter Car Model with Two Damping 
Coefficients cs
+ and cs
- 
 
From the figure above, a system of 2 degree-of-
freedom consists of the unsprung mass (Mu) which 
represents the tires that moves in the direction of Zu and 
the sprung mass (Ms) which represents the body of the car 
that moves in the direction of Zs. Zo represents the road 
profile that will become the input for the quarter car model. 
According to the quarter car model illustrated above, the 
following free body diagrams (FBDs) can be generated. 
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1. FBD of the unsprung mass 
 
 
Fig. 4.2 Free-Body-Diagram of the Unsprung Mass 
  
The equation of motion that can be derived from the 
FBD above in Figure 4.2 is shown below. 
 
                                        
           ………………………………..…….(4.1) 
The equations of motion above can be used to 
develop state variable system equations. The equation of 
motion of the unsprung mass can be converted into the 
following state variable system equation. 
      ………………………………….……...……..(4.2) 
    
 
  
                                   
          ……………………………..…………..(4.3) 
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2. FBD of the sprung mass 
 
 
Fig. 4.3 Free-Body-Diagram of the Sprung Mass 
 
The equation of motion that can be derived from the 
FBD in Figure 4.3 is shown below. 
 
                             ……….……(4.4) 
 
The equations of motion above can be used to 
develop state variable system equations. The equation of 
motion of the sprung mass can be converted into the 
following state variable system equation. 
      ……………………………………………...…(4.5) 
    
 
  
                        …………..…(4.6) 
 
4.2 Modelling Using Simulink MATLAB 
 
4.2.1 Modelling of System 
State variable system equations are then used to 
develop the system block diagrams in Simulink MATLAB 
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as shown in Figure 4.4. Road excitations act as inputs to 
this quarter car system and the outputs are sent to 
workspace at the end of simulation. The outputs are 
displacements of unsprung mass, sprung mass and road, 
velocities of unsprung mass, sprung mass and road, 
accelerations of unsprung mass, sprung mass and road as 
well as the root-mean-square acceleration of sprung mass.   
 
 
Fig. 4.4 Quarter Car System Modelling Using Simulink 
 
4.2.2  Input Modelling 
For simulation using MATLAB, first different 
inputs must be determined. The irregularities of the road on 
which the vehicle travels are modelled according to the 
characteristics intended to be analysed. It is possible to 
choose an appropriate model from sinusoidal, impulse and 
step among others.  
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Fig. 4.5 Modified step (a), bump (b) and sinusoidal (c) profiles with 
severity parameter γ or vehicle velocities 
 
Along with a sinusoidal model to assess steady-state 
response of the vehicle suspension, shown in Figure 4.5 (c), 
two road displacements are used for vehicle suspension 
analysis concerning shock loads are the modified step and 
bump, shown in Figure 4.5 (a) and (b), and defined by their 
respective functional forms in the equations below. The 
standard inputs are used to represent a discrete irregularity 
on the road, such as a bump or a vertical mismatch between 
sections of the pavement.  
 
                       
      …………...…(4.7) 
                
        
     ………….……....(4.8) 
                    …………………...…………(4.9) 
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Equation 4.7 is of the modified step input, while 
equation 4.8 is of the modified bump input. In these 
equations, Zmax is the maximum amplitude of the road 
amplitude, γ is the severity parameter, ωo is defined as 
       and t is the time. The effect of γ can be seen in 
these figures, as it assumes the values 1 (low impact), 5 
(less severe impact) and 20 (more severe impact). Larger 
values of γ may represent an irregularity which is hit at a 
higher velocity, or a sharper irregularity. In this work, we 
consider the latter. The maximum amplitude of the road 
input (Zmax) was set to 5cm, representative of standards to 
assess comfort for vehicles. 
In equation 4.9, the sinusoidal input has amplitude, 
    of 2 cm, ω is defined as      , and wavelength   of 
4 m. For the sinusoidal input, three types of speed are used: 
40 km/hr for low speed, 60 km/hr for medium speed and 80 
km/hr for high speed.  
These equations are used in developing Simulink 
block diagrams for the modelling of the road excitation 
inputs, shown in Figure 4.6. Running simulation requires 
choosing manually one road excitation input and running 
an M-file.   
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Fig. 4.6 Input Modelling Using Simulink 
 
4.3 Output Generation Using MATLAB 
 
4.3.1 Time Responses 
After determining the different road excitation inputs 
and modelling them using Simulink block diagrams, time 
responses outputs can be generated using the system model 
along with the manually chosen road excitation input.  
These time responses outputs are generated on 
command from the M-files developed for both the transient 
inputs i.e. modified step and bump inputs and the 
sinusoidal input. Variations of the severity parameter – in 
transient cases - or vehicle velocity –in sinusoidal case- as 
well as variations of suspension damping coefficients are 
included in the M-file.  
 
4.3.2 Ride Comfort Evaluation 
Performance indices for transient cases or root-
mean-square accelerations of sprung mass – for sinusoidal 
cases- are generated to evaluate the level of comfort 
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provided by the different combinations of the variations of 
the suspension damping coefficients.  
These outputs are generated on command from the 
M-files developed for both the transient inputs i.e. modified 
step and bump inputs and the sinusoidal input. Variations 
of the severity parameter – in transient cases - or vehicle 
velocity –in sinusoidal case- as well as variations of 
suspension damping coefficients are included in the M-file. 
For ride comfort evaluation, first scatter graphs are 
generated using MATLAB and then the data is collected 
and used to generate various graphs via the software 
Minitab to get a better representation of the ride comfort of 
the vehicle in respect to different factors i.e. severity 
parameter (γ), asymmetry ratio (β) and asymmetry average 
(α). 
 
4.4 Modelling Variables and Parameters 
 
4.4.1 Modelling Variables 
Variations of damping coefficient for compressive 
and expansive motion of the suspension,   
  and   
 , are 
used in addition to the original experimental data of the 
asymmetrical damper of the Angguna car. These damping 
coefficients are combined to produce 9 combinations as 
shown in Figure 4.7. Combination 1 is the original 
damping coefficients obtained from the Angguna car 
experimental data.  
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Fig.4.7 Combinations of the Variations of Damping Coefficients For 
Both Compressive and Expansive Motion 
 
These combinations of variations of damping 
coefficients can be summarised in Table 4.1 below to 
include the asymmetry ratio and the asymmetry average. 
The asymmetry ratio β is defined as   
   
   while the 
asymmetry average α is defined as    
    
   .  
Table 4.1 Combinations of Variations of Damping Coefficients 
with Their Asymmetry Ratios and Averages 
Combination Cs+ (Ns/m) Cs- (Ns/m) β α  
1 350 1430 0.24 890 
2 2000 1430 1.40 1715 
3 4000 1430 2.80 2715 
4 350 2000 0.18 1175 
5 2000 2000 1.00 2000 
6 4000 2000 2.00 3000 
7 350 4000 0.09 2175 
8 2000 4000 0.50 3000 
9 4000 4000 1.00 4000 
42 
 
4.4.2 Modelling Parameters 
All parameters used are representatives of a 
medium passenger car. These parameters are summarised 
in Table 4.2 below. The damping coefficient of the 
suspension is a variable and is explained above.  
 
Table 4.2 Parameters of a Medium Passenger Car 
Modelling Elements Symbol Value Unit 
Mass of Unsprung  Mu 227.55 Kg 
Stiffness of Unsprung Ku 202230 N/m 
Damping Coefficient of Unsprung  Cu 6.860 Ns/m 
Mass of Sprung  Ms 1794.4 Kg 
Stiffness of Sprung Ks 85439.4 N/m 
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Fig. 5.18 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 4 and 5 Due To Modified Bump Input 
 
Figure 5.18 shows the time responses of the 
asymmetrical and symmetrical systems for combination 4 
and 5 due to modified bump input. Combination 5 has an 
asymmetry ratio γ value of 1 thus it is already a 
symmetrical system.  
Table 5.10 summarised the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems of combination 4 and 5. For combination 4, the 
values in the table consistently show that the symmetrical 
system has a smoother and more progressive performance 
than the asymmetrical system i.e. lower overshoots. 
Therefore, we conclude that with modified bump input, the 
symmetrical system of combination 4 is better than its 
asymmetrical system.  
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Table 5.10 Maximum Displacements, Velocities and 
Accelerations and Settling Times for Both Asymmetrical 
and Symmetrical Systems of Combination 4 and 5 Due To 
Modified Bump Input 
 
Combination 
Responses 
4 5 
Asym Sym Sym 
Maximum Displacement (m) 0.0318 0.0225 0.0217 
Settling Time (s) 24.4486 24.9915 14.5751 
Maximum Velocity (m/s) 0.1891 0.1672 0.1636 
Settling Time (s) 23.6558 23.5407 13.7341 
Maximum Acceleration (m/s2) 2.5645 2.4421 2.5754 
Settling Time (s) 18.9876 18.8524 10.1523 
 
 
 
Fig. 5.19 Time Responses of the Asymmetrical and Symmetrical 
Systems for Combination 6 and 7 Due To Modified Bump Input 
 
Figure 5.19 shows the time responses of the 
asymmetrical and symmetrical systems for combination 6 
and 7 due to modified bump input. Table 5.11 summarised 
the maximum responses and their settling times for both 
asymmetrical and symmetrical systems of combination 6 
and 7.  
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For combination 6, the values in the table 
consistently show that the asymmetrical system has a 
smoother and more progressive performance than the 
symmetrical system i.e. lower overshoots. While the values 
for combination 7 show that actually the symmetrical 
system has a smoother and more progressive performance 
instead. Therefore, we conclude that with modified bump 
input, the asymmetrical system of combination 6 is better 
than its symmetrical system while the symmetrical system 
of combination 7 is better than its asymmetrical system.  
 
Table 5.11 Maximum Displacements, Velocities and 
Accelerations and Settling Times for both Asymmetrical 
and Symmetrical Systems of Combination 6 and 7 Due To 
Modified Bump Input 
 
Combination 
Responses 
6 7 
Asym Sym Asym Sym 
Maximum Displacement (m) 0.0147 0.0209 0.0374 0.0216 
Settling Time (s) 10.0561 9.6613 13.5523 13.4752 
Maximum Velocity (m/s) 0.1534 0.1677 0.2015 0.1636 
Settling Time (s) 8.6685 8.8322 13.7955 12.6284 
Maximum Acceleration (m/s2) 2.5739 2.6777 2.8914 2.5938 
Settling Time (s) 6.2421 6.3694 10.2104 9.083 
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Fig. 5.20 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 8 and 9 Due To Modified Bump Input 
 
Figure 5.20 shows the time responses of the 
asymmetrical and symmetrical systems for combination 8 
and 9 due to modified bump input. Combination 9 has an 
asymmetry ratio γ value of 1 thus it is already a 
symmetrical system.  
Table 5.12 summarised the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems of combination 8 and 9. For combination 8, the 
values in the table consistently show that the symmetrical 
system has a smoother and more progressive performance 
than the asymmetrical system. Therefore, we conclude that 
with modified bump input, the symmetrical system of 
combination 8 is better than its asymmetrical system.  
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Table 5.12 Maximum Displacements, Velocities and 
Accelerations and Settling Times for Both Asymmetrical 
and Symmetrical Systems of Combination 8 and 9 Due To 
Modified Bump Input 
 
Combination 
Responses 
8 9 
Asym Sym Sym 
Maximum Displacement (m) 0.0277 0.0209 0.0205 
Settling Time (s) 9.6544 9.6613 7.4386 
Maximum Velocity (m/s) 0.1805 0.1677 0.1716 
Settling Time (s) 9.3864 8.8322 6.6159 
Maximum Acceleration (m/s2) 2.8854 2.6777 2.7783 
Settling Time (s) 6.9231 6.3694 4.703 
 
The results obtained with the modified bump input as 
shown in Figure 5.17-20 and Table 5.9-12 indicate that 
with increasing damping coefficient average, the overshoot 
responses and the settling times are lower for all 
combinations.  
It can also be concluded that with modified bump 
input, combination 2, 3 and 6 provide better damping i.e. 
lower overshoots when they are asymmetrical systems, 
while combination 4, 7 and 8 provide better damping when 
they are symmetrical systems. Combination 5 and 9 are 
already symmetrical. 
Upon investigating the displacement overshoots of 
all combinations, it is found that combination 3 has the 
lowest overshoots. This is followed by combination 6 then 
2 then 9, 5, 8 and 1. Combination 7 has the highest 
overshoot while combination 4 the second highest. 
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5.3.3 Sinusoidal Input 
These are the results obtained with the sinusoidal 
input for the rest of the combination of damping 
coefficients for asymmetrical and symmetrical damping as 
shown in Figure 5.21-24.  
 
 
Fig. 5.21 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 2 and 3 Due To Sinusoidal Input 
 
 
Fig. 5.22 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 4 and 5 Due To Sinusoidal Input 
 
 
Fig. 5.23 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 6 and 7 Due To Sinusoidal Input 
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Fig. 5.24 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 8 and 9 Due To Sinusoidal Input 
 
 
 
5.4 Evaluations of Ride Comfort 
In this section, the combinations of damping 
coefficients used for simulation are according to Table 4.1. 
For the symmetrical system, the average of the original 
damping coefficients (asymmetry average, α) is used. Ride 
comfort is evaluated for each combination on the different 
road excitations. For the transient excitations i.e. modified 
step and bump input, the performance indices are used as 
measurement of the ride comfort. Meanwhile for the steady 
state excitation i.e. sinusoidal input, the root-mean-square 
accelerations of the sprung mass is used as measurement. 
The influences of the asymmetry ratio (β) and the 
asymmetry average (α) are also analysed as well as the 
influence of severity parameter or vehicle velocity. 
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5.4.1 Modified Step Input 
 
(a)             (b) 
Fig. 5.25 Performance Indices With Respect To Asymmetry Ratio with 
Severity Parameter of (a) 5 and (b) 20 Due To Modified Step Input 
 
 
(a)            (b) 
Fig. 5.26 Performance Indices With Respect To Asymmetry Average with 
Severity Parameter of (a) 5 and (b) 20 Due To Modified Step Input 
 
After simulating all combination of damping 
coefficients, graphs of performances indices-asymmetry 
ratio and average are produced to assess its influence on the 
apparent improvement in comfort provided by the 
asymmetrical system. Two types of impact are used in this 
simulation: less severe impact (γ = 5) and more severe 
impact (γ = 20).  
Both Figure 5.25 and 5.26 show that using the 
modified step input, both RDR and SDR are decreasing 
with increasing asymmetry ratio while the SAR does not 
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show relatively significant changes in both graphs. At 
higher value of severity parameter, all values are generally 
higher. 
However the two dimensional graphs are not 
sufficient to give a good understanding of this. Therefore, 
three-dimensional graphs are produced to give a better 
understanding of the influences of both asymmetry ratio 
and asymmetry average on the performance indices as 
shown in Figure 5.27.  
 
Fig. 5.27 Three Dimensional Graphs of Performance Indices With Respect 
To Asymmetry Ratio and Average Due To Modified Step Input 
 
As you can see in Figure 5.27, at severity parameter 
of 5 and with increasing asymmetry ratio and average, both 
the values of RDR and SDR are decreasing. This is likely 
due to higher asymmetry ratio and average leads to higher 
damping and thus lower transmitted displacement 
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responses (lower SDR values) and smaller strokes (lower 
RDR values with SDR values above 1). The decrease in the 
RDR shows that the higher acceleration levels (higher SAR 
values) are related to smaller relative displacements. 
Furthermore the values of SAR are almost 0 due to the high 
values of 𝑧?̈? (around 10
13 m/s2).   
 
 
(a)               (b) 
Fig. 5.28 Performance Indices with Respect To Severity Parameter For (a) 
Asymmetrical and (b) Symmetrical Systems of Combination 1 Due To 
Modified Step Input 
  
Figure 5.28 above shows the performance indices 
RDR, SDR and SAR for varying severity parameter γ for 
the modified step input for the asymmetrical and 
symmetrical systems for combination 1. Combination 1 has 
an asymmetry ratio of 0.24, and along with combination 4, 
7 and 8, its symmetrical system has performed better than 
the asymmetrical according to the time responses i.e. lower 
displacement.  
Figure 5.28 shows that both systems perform 
similarly at lower impacts. However, with more severe 
impacts, the symmetrical system presents lower indices, 
indicating smoother behaviour. For example, at γ = 20, the 
RDR index is 10.19% higher for the asymmetrical the SDR 
index is 5.94% higher, and the SAR index however is 
significantly higher since even lower impacts. 
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(a)                  (b) 
Fig. 5.29 Performance Indices with Respect To Severity Parameter For (a) 
Asymmetrical and (b) Symmetrical Systems of Combination 3 Due To 
Modified Step Input 
 
Figure 5.29 above shows the performance indices 
RDR, SDR and SAR for varying severity parameter γ for 
the modified step input for the asymmetrical and 
symmetrical systems for combination 3. Combination 3 has 
an asymmetry ratio of 2.80, and along with combination 2 
and 6, its asymmetrical system has performed better than 
the symmetrical according to the time responses i.e. lower 
displacement and delay.  
The figures above show that both systems perform 
similarly at lower impacts. However, with more severe 
impacts, the asymmetrical system presents lower indices, 
indicating smoother behaviour. For example, at γ = 20, the 
RDR index is 0.61% higher for the asymmetrical the SDR 
index is 7.23% lower, and the SAR index is 82.65% lower. 
The increase in the RDR shows that the lower 
acceleration levels are related to larger relative 
displacements, or stroke, between the two blocks. This is a 
direct consequence of the use of asymmetrical dampers, 
which provide less damping force on the system on the 
compression half-cycle, resulting in larger stroke. It is 
interesting to note that the larger relative displacement 
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between the unsprung and sprung masses does not 
necessarily result in larger absolute displacement of the 
sprung mass.   
 
5.4.2 Modified Bump Input 
 
(a)                    (b) 
Fig. 5.30 Performance Indices with Respect To Asymmetry Ratio with 
Severity Parameter of (a) 1 and (b) 5 Due To Modified Bump Input 
 
 
(a)                  (b) 
Fig. 5.31 Performance Indices with Respect To Asymmetry Average with 
Severity Parameter of (a) 1 and (b) 5 Due To Modified Bump Input 
 
After simulating all combination of damping 
coefficients, graphs of performances indices-asymmetry 
ratio and average are produced to assess its influence on the 
apparent improvement in comfort provided by the 
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asymmetrical system. Two types of impact are used in this 
simulation: low impact (γ = 1) and less severe impact (γ = 
5).  
Figure 5.30 and 5.31 show the results of these 
performance indices using the modified step input. For low 
impact, both RDR and SDR are decreasing with increasing 
asymmetry ratio. For higher impact though the SDR index 
is still decreasing however the RDR index has stabilised at 
1.0. The SAR index does not show relatively significant 
changes in both graphs. 
However the two dimensional graphs are not 
sufficient to give a good understanding of this. Therefore, 
three-dimensional graphs are produced to give a better 
understanding of the influences of both asymmetry ratio 
and asymmetry average on the performance indices. 
 
 
(a)                    (b) 
Fig. 5.32 Indices RDR with Respect To Asymmetry Ratio and Average with 
Severity Parameter of (a) 1 and (b) 5 Due To Modified Bump Input 
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(a)                  (b) 
Fig. 5.33 Indices (a) SDR and (b) SAR with Respect To Asymmetry Ratio 
and Average with Severity Parameter of 5 Due To Modified Bump Input 
 
As you can see in Figure 5.32-33, at severity 
parameter of 5 and with increasing asymmetry ratio and 
average, the values of SDR are decreasing but the RDR 
index has stabilised. If we consider the RDR index at low 
impact (γ = 1), we can see that the RDR index is decreasing 
with increasing asymmetry ratio and average. However as 
we see in Figure 5.33(b) with increasing asymmetry ratio 
and average, the value of SAR is increasing instead.  
This is likely due to higher asymmetry ratio and 
average leads to higher damping and thus lower transmitted 
displacement responses (lower SDR values) and smaller 
strokes (lower RDR values). The decrease in the RDR 
shows that the higher acceleration levels (higher SAR 
values) are related to smaller relative displacements. 
Furthermore the values of SAR are almost 0 due to the high 
values of 𝑧?̈?.  
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(a)               (b) 
Fig. 5.34 Performance Indices with Respect To Severity Parameter for (a) 
Asymmetrical and (b) Symmetrical Systems of Combination 1 Due To 
Modified Bump Input 
 
Figure 5.34 above shows the performance indices 
RDR, SDR and SAR for varying severity parameter γ for 
the modified bump input for the asymmetrical and 
symmetrical systems for combination 1. Combination 1 has 
an asymmetry ratio of 0.24, and along with combination 4, 
7 and 8, its symmetrical system has performed better than 
the asymmetrical according to the time responses i.e. lower 
displacement and delay.  
The figures above show that with the exception of 
the SDR index both systems perform similarly at higher 
impacts. However, with lower impacts, the asymmetrical 
system presents lower indices, indicating smoother 
behaviour. For example, at γ = 3, the RDR index is 0.24% 
lower for the asymmetrical the SDR index is 16.99% 
higher, and the SAR index is 1.12% lower. 
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(a)                  (b) 
Fig. 5.35 Performance Indices with Respect To Severity Parameter for (a) 
Asymmetrical and (b) Symmetrical Systems of Combination 3 Due To 
Modified Bump Input 
 
Figure 5.35 above shows the performance indices 
RDR, SDR and SAR for varying severity parameter γ for 
the modified bump input for the asymmetrical and 
symmetrical systems for combination 3. Combination 3 has 
an asymmetry ratio of 2.80, and along with combination 2 
and 6, its asymmetrical system has performed better than 
the symmetrical according to the time responses i.e. lower 
displacement and delay.  
Figure 5.35 shows that with the exception of the 
SDR index both systems perform similarly at higher 
impacts. However, with lower impacts, the asymmetrical 
system presents lower indices, indicating smoother 
behaviour. For example, at γ = 3, the RDR index is 1.01% 
higher for the asymmetrical the SDR index is 28.24% 
lower, and the SAR index is 23.40%  higher. 
The increase in the RDR shows that the lower 
acceleration levels are related to larger relative 
displacements, or stroke, between the two blocks. This is a 
direct consequence of the use of asymmetrical dampers, 
which provide less damping force on the system on the 
compression half-cycle, resulting in larger stroke. It is 
interesting to note that the larger relative displacement 
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between the unsprung and sprung masses does not 
necessarily result in larger absolute displacement of the 
sprung mass.   
 
5.4.3 Sinusoidal Input 
 
 
(a)              (b) 
Fig. 5.36 RMS Acceleration of Sprung Mass with Respect To (a) Velocity 
and (b) Velocity and Asymmetry Average Due To Sinusoidal Input 
 
After simulating all combination of damping 
coefficients, graphs of root-mean-square acceleration of 
sprung mass – velocity are produced to assess its influence 
on the apparent improvement in comfort provided by the 
asymmetrical system. Figure 5.36(a) above shows that for 
each combination, RMS acceleration of sprung mass is the 
highest at velocity of 80 km/hr. We notice that at velocity 
of 80 km/hr, all combinations reach their highest values of 
root-mean-square acceleration. Thus we can conclude that 
at velocity 80 km/hr, resonances happen for all 
combinations. Combination 1 has the highest RMS 
acceleration value and combination 9 has the lowest of 
RMS acceleration. This corresponds to the value of the 
asymmetry average of the combinations. The three-
dimensional graph in Figure 5.36(b) shows the influence of 
asymmetry average on the RMS acceleration of sprung 
mass at all velocities. 
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(a)                   (b) 
Fig. 5.37 RMS Acceleration of Sprung Mass With Respect To Velocity and 
Asymmetry Average Due To Sinusoidal Input for Velocity (a) 20 km/hr and 
(b) 40 km/hr 
 
 
(a)                   (b) 
Fig. 5.38 RMS Acceleration of Sprung Mass With Respect To Velocity and 
Asymmetry Average Due To Sinusoidal Input for Velocity (a) 60 km/hr and 
(b) 80 km/hr 
 
 
(a)                 (b) 
Fig. 5.39 RMS Acceleration of Sprung Mass With Respect To Velocity and 
Asymmetry Average Due To Sinusoidal Input for Velocity (a) 100 km/hr 
and (b) 120 km/hr 
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The graphs in Figure 5.37-39 show that the RMS 
accelerations values with respect to asymmetry ratio and 
average at different velocities – 20, 40, 60, 80, 100 and 120 
km/hr. There is a similar trend with the RMS acceleration 
of sprung mass with respect to asymmetry ratio and 
average for all velocities except at 80 km/hr, which is the 
velocity at which resonance happens. This trend shows a 
higher RMS acceleration of sprung mass values with 
increasing asymmetry average, while the asymmetry ratio 
is a relatively insignificant factor.  
However at velocity 80 km/hr as shown in Figure 
5.38(b), the graph shows a completely different trend. At 
the resonant velocity, the RMS acceleration of sprung mass 
decreases with increasing value of asymmetry average.     
The highest RMS acceleration values are at velocity 
of 80 km/hr row with 3.60 m/s2 being the highest for 
combination 1. According to Table 2.1 this value is classed 
as extremely uncomfortable. Not only combination 1, 
combination 2,4,5 and 7 are also classed as extremely 
uncomfortable at velocity 80 km/hr. Combination 3,6 and 8 
are classed as very uncomfortable while combination 9 is 
classed as uncomfortable.  
According to Figure 2.6 with combination 1 at 
vehicle velocity of 80 km/hr, passengers can keep riding 
only for less than 1 minute before exhaustion. With 
combination 2, 4 and 5 at 80 km/hr, passengers can keep 
riding for about 1 minute. With combination 3 and 7, 
passengers can keep riding for about 16 minutes. With 
combination 6 and 8, passengers can keep riding for about 
25 minutes, while with combination 9, passengers can keep 
riding up until just about 1 hour.   
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CHAPTER V  
ANALYSIS OF RESULTS 
 
5.1 Time Responses Modelling 
This section contains the time responses of the 
quarter car model with the original damping coefficients in 
which cs+ is 350 Ns/m and cs- is 1430 Ns/m of which make 
up combination 1. The road excitations inputted into the 
system modelling are the modified step input, modified 
bump input and the sinusoidal input. 
 
5.1.1 Modified Step Input 
The following graphics shown in Figure 5.1-3 are the 
displacement, velocity and acceleration time responses 
produced for both the sprung and unsprung mass due to the 
modified step input.  
 
 
(a)                                                              (b) 
Fig. 5.1 Vertical Displacement-Time Responses of (a) Sprung Mass and 
(b)Unsprung Mass Due To Modified Step Input 
44 
 
 
(a)     (b) 
Fig. 5.2 Vertical Velocity-Time Responses of (a) Sprung Mass and 
(b)Unsprung Mass Due To Modified Step Input 
 
 
(a)     (b) 
Fig. 5.3 Vertical Acceleration-Time Responses of (a) Sprung Mass and 
(b)Unsprung Mass Due To Modified Step Input 
 
There are three variations of severity parameter γ in 
the graphics i.e. 1 for low impact, 5 for less severe impact 
and 20 for more severe impact. With modified step input, 
the increase in severity parameter leads to increasing 
overshoots and settling times for both the sprung and 
unsprung masses i.e. for sprung mass at γ value of 1, the 
maximum displacement is 0.08 m and the settling time is 
28.65s while at γ value of 5, the maximum displacement is 
0.10 m and the settling time is 33.39 s.  
It is also observed that overshoots and settling times 
for sprung masses are higher than for unsprung masses. 
Table 5.1 summarises the maximum responses as well as 
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the settling time for each response for different value of 
severity parameter. 
 
Table 5.1 Maximum Displacements, Velocities and Accelerations 
for Both Masses at Different Severity Parameters Due To 
Modified Step Input 
Responses 
Sprung Mass Unsprung Mass 
γ = 1 γ = 5 γ = 20 γ = 1 γ = 5 γ = 20 
Maximum 
Displacement (m) 0.08 0.10 0.10 0.06 0.07 0.08 
Settling Time (s) 28.65 33.39 33.34 18.32 23.59 24.06 
Maximum Velocity 
(m/s) 0.19 0.30 0.32 0.13 0.65 0.99 
Settling Time (s) 32.21 33.11 32.54 57.62 22.12 14.48 
Maximum 
Acceleration(m/s2) 1.00 2.09 2.76 1.74 15.71 30.55 
Settling Time (s) 33.55 32.23 30.09 N/A 8.24 2.75 
 
5.1.2 Modified Bump Input 
The following graphics shown in Figure 5.4-6 are 
the displacement, velocity and acceleration time responses 
produced for both the sprung and unsprung mass due to the 
modified bump input.  
 
(a)              (b) 
Fig. 5.4 Vertical Displacement-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Modified Bump Input 
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(a)     (b) 
Fig. 5.5 Vertical Velocity-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Modified Bump Input 
 
 
(a)      (b) 
Fig. 5.6 Vertical Acceleration-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Modified Bump Input 
 
There are three variations of severity parameter γ in 
the graphics i.e. 1 for low impact, 5 for less severe impact 
and 20 for more severe impact. With modified bump input, 
the increase in severity parameter leads to decreasing 
overshoots and settling times for both the sprung and 
unsprung masses i.e. for sprung mass at γ value of 1, the 
maximum displacement is 0.08 m and the settling time is 
32.21 s while at γ value of 5, the maximum displacement is 
0.03 m and the settling time is 32.10 s.  
It is also observed that overshoots and settling times 
for sprung masses are higher than for unsprung masses.. 
Table 5.2 summarises the maximum responses as well as 
the settling time for each responses. 
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Table 5.2 Maximum Displacements, Velocities and Accelerations 
for Both Masses at Different Severity Parameters Due To 
Modified Bump Input 
Responses 
Sprung Mass Unsprung Mass 
γ = 1 γ = 5 γ = 20 γ = 1 γ = 5 γ = 20 
Maximum 
Displacement 
(m) 0.08 0.03 0.01 0.05 0.05 0.02 
Settling Time 
(s) 32.21 32.10 31.01 25.65 17.79 16.70 
Maximum 
Velocity 
(m/s) 0.40 0.18 0.06 0.67 1.37 0.67 
Settling Time 
(s) 33.54 30.74 29.09 20.32 4.96 2.32 
Maximum 
Acceleration 
(m/s2) 2.41 2.52 1.08 17.28 47.30 42.56 
Settling Time 
(s) 33.33 24.41 21.19 11.42 1.95 1.65 
 
 
5.1.3 Sinusoidal Input 
The following graphics shown in Figure 5.7-9 are the 
displacement, velocity and acceleration time responses 
produced for both the sprung and unsprung mass due to the 
sinusoidal input. With increasing velocity, the 
displacement, velocity and acceleration responses of both 
masses also increase. The displacement of sprung mass at 
velocity 80 km/hr is quite high that the vehicle can be said 
partially airborne. 
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(a)      (b) 
Fig. 5.7 Vertical Displacement-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Sinusoidal Input 
 
 
(a)      (b) 
Fig. 5.8 Vertical Velocity-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Sinusoidal Input 
 
 
(a)      (b) 
Fig. 5.9 Vertical Acceleration-Time Responses of (a) Sprung Mass and (b) 
Unsprung Mass Due To Sinusoidal Input 
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5.2 Asymmetrical and Symmetrical Time Responses 
Modelling 
This section contains a comparison between two 
quarter-car system - one in which cs is symmetrical and 
another in which cs is asymmetrical. The graphics obtained 
for this section is only of the sprung mass. The original 
damping coefficients in which cs+ is 350 Ns/m and cs- is 
1430 Ns/m (Combination 1) are used for the asymmetrical 
system. For the symmetrical system, the average of the 
original damping coefficients (asymmetry average, α = 890 
Ns/m) is used. The road excitations used are the modified 
step and bump input, and the sinusoidal input. 
 
5.2.1 Modified Step Input 
The following graphics shown in Figure 5.10 are the 
displacement, velocity and acceleration time responses 
produced for both the asymmetrical and symmetrical 
systems of combination 1 due to the modified step input.  
 
 
Fig. 5.10 Time Responses of the Asymmetrical and Symmetrical Systems 
with Different Severity Parameters Due To Modified Step Input 
 
The results obtained with the modified step input as 
shown in Figure 5.10 indicate that at both types of impact 
(γ = 5 and 20), the two systems present similar behaviour to 
each other with the symmetrical system being slightly 
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superior i.e. at γ = 5 the asymmetrical system has a 
maximum displacement of 0.1001 m and settling time of 
33.3907 s while the symmetrical system has a lower 
displacement of 0.0968 m and shorter settling time of 
32.8512 s.  
Table 5.3 summarises the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems at both types of impact. The values in the table 
consistently show that the symmetrical system has a 
smoother and more progressive performance than the 
asymmetrical system i.e. the maximum responses and 
settling time values are lower. Therefore, we conclude that 
with modified step input and combination 1 as damping 
coefficients, the symmetrical system is better than the 
asymmetrical system at both types of impact.  
 
Table 5.3 Maximum Displacements, Velocities and Accelerations 
For Both Asymmetrical and Symmetrical Systems of 
Combination 1 at Two Types of Impact (γ = 5 and 20) Due To 
Modified Step Input 
Responses 
γ = 5 γ = 20 
Asym Sym Asym Sym 
Maximum Displacement 
(m) 0.1001 0.0968 0.1043 0.0984 
Settling Time (s) 33.3907 32.8512 33.357 32.8118 
Maximum Velocity 
(m/s) 0.2974 0.2882 0.3215 0.305 
Settling Time (s) 33.1086 33.0751 32.5392 32.5214 
Maximum Acceleration 
(m/s2) 2.0931 2.1291 2.7629 2.8069 
Settling Time (s) 32.237 31.1896 30.098 29.0121 
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5.2.2 Modified Bump Input 
The following graphics shown in Figure 5.11 are the 
displacement, velocity and acceleration time responses 
produced for both the asymmetrical and symmetrical 
systems of combination 1 due to the modified bump input.  
 
 
Fig. 5.11 Time Responses of the Asymmetrical and Symmetrical Systems 
with Different Severity Parameters Due To Modified Bump Input 
 
The results obtained with the modified bump input as 
shown in Figure 5.11 indicate that at both types of impact 
(γ = 5 and 20), the two systems present similar behaviour to 
each other with the symmetrical system being slightly 
superior i.e. at γ = 5 the asymmetrical system has a 
maximum displacement of 0.0295 m and settling time of 
32.0877 s while the symmetrical system has a lower 
displacement of 0.0229 m and shorter settling time of 
32.5879 s.  
Table 5.4 summarises the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems at both types of impact. The values in the table 
consistently show that the symmetrical system has a 
smoother and more progressive performance than the 
asymmetrical system i.e. the maximum responses is lower. 
Therefore, we conclude that with modified bump input and 
combination 1 as damping coefficients, the symmetrical 
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system is better than the asymmetrical system at both types 
of impact.  
 
Table 5.4 Maximum Displacements, Velocities and Accelerations 
for Both Asymmetrical and Symmetrical Systems of Combination 
1 at Two Types of Impact (γ = 5 and 20) Due To Modified Bump 
Input 
Responses 
γ = 5 γ = 20 
Asym Sym Asym Sym 
Maximum Displacement 
(m) 0.0295 0.0229 0.0091 0.0061 
Settling Time (s) 32.0877 32.5879 31.5712 32.0122 
Maximum Velocity 
(m/s) 0.1845 0.169 0.0637 0.0568 
Settling Time (s) 30.7473 31.1906 29.6332 28.9913 
Maximum Acceleration 
(m/s2) 2.5217 2.4003 1.0822 1.0499 
Settling Time (s) 24.4036 23.7795 21.6684 19.4083 
 
5.2.3 Sinusoidal Input 
The results obtained with the sinusoidal input as 
shown in Figure 5.12 indicate that at low speed (velocity of 
40 km/hr), the two systems present similar behaviour. With 
increasing speed (velocity of 80 km/hr), the displacement 
of Zs is lower for the symmetrical system than the 
asymmetrical system however slight. Therefore, we 
conclude that with sinusoidal input and combination 1 as 
damping coefficients, the symmetrical system is better than 
the asymmetrical system. 
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Fig. 5.12 Time Responses of the Asymmetrical and Symmetrical Systems 
with Different Vehicle Velocities Due To Sinusoidal Input 
 
5.3 Time Responses Modelling with Combinations of 
Variations of Damping Coefficients 
This section contains a comparison between two 
quarter-car system - one in which cs is symmetrical and 
another in which cs is asymmetrical. The graphics obtained 
for this section is only of the sprung mass and only for 
severity parameter value of 5 or velocity of 60 km/hr. The 
damping coefficients used are varied according to Figure 
4.10 as asymmetrical system with exception to combination 
1. For the symmetrical system, the average of the original 
damping coefficients (asymmetry average, α) is used. The 
exception of combination 5 and 9 are made because they 
are already symmetrical. The road excitations used are the 
modified step input, modified bump input and the 
sinusoidal input. 
 
5.3.1 Modified Step Input 
The following graphics shown in Figure 5.13-16 are 
the displacement, velocity and acceleration time responses 
produced for both the asymmetrical and symmetrical 
systems of combination 2 to 9 due to the modified step 
input.  
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Fig. 5.13 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 2 and 3 Due To Modified Step Input 
 
Figure 5.13 shows the time responses of the 
asymmetrical and symmetrical systems for combination 2 
and 3 due to modified step input. As we can see, the two 
systems for both combinations present similar behaviour. 
On investigating their maximum responses and settling 
time, we found that for combination 2 the asymmetrical 
system us slightly superior i.e. the asymmetrical system has 
a maximum displacement of 0.0932 m and settling time of 
16.9818 s while the symmetrical system has a higher 
displacement of 0.0944 m and longer settling time of 
17.013 s.  
For combination 3 we can also see that the 
asymmetrical system has a lower maximum displacement 
and shorter settling time than the symmetrical system i.e. 
the asymmetrical system has a maximum displacement of 
0.0876 m and settling time of 10.4573 s while the 
symmetrical system has a higher displacement of 0.02516 
m and longer settling time of 10.7494 s.  
Table 5.5 summarises the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems of combination 2 and 3. For both combinations, 
the values in the table consistently show that the 
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asymmetrical system has a smoother and more progressive 
performance than the symmetrical system i.e. the 
maximum responses and settling time values are lower. 
Therefore, we conclude that with modified step input, the 
asymmetrical systems of both combination 2 and 3 are 
better than their symmetrical systems. 
 
Table 5.5 Maximum Displacements, Velocities and Accelerations 
and Settling Times for both Asymmetrical and Symmetrical 
Systems of Combination 2 and 3 Due To Modified Step Input 
 
Combination 
Responses 
2 3 
Asym Sym Asym Sym 
Maximum Displacement (m) 0.0932 0.0944 0.0867 0.2516 
Settling Time (s) 16.9818 17.013 10.4573 10.7494 
Maximum Velocity (m/s) 0.2734 17.2625 0.2516 0.2666 
Settling Time (s) 17.2395 0.2769 10.7494 10.7437 
Maximum Acceleration 
(m/s2) 2.0931 2.0961 2.0342 2.098 
Settling Time (s) 15.9291 15.9191 9.9376 9.9106 
 
 
 
Fig. 5.14 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 4 and 5 Due To Modified Step Input 
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Figure 5.14 shows the time responses of the 
asymmetrical and symmetrical systems for combination 4 
and 5 due to modified step input. Combination 5 has an 
asymmetry ratio γ value of 1 thus it is already a 
symmetrical system.  
Table 5.6 summarises the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems of combination 4 and 5. For combination 4, the 
values in the table consistently show that the symmetrical 
system has a smoother and more progressive performance 
than the asymmetrical system i.e. the maximum responses 
and settling time values are lower. Therefore, we conclude 
that with modified step input, the symmetrical system of 
combination 4 is better than its asymmetrical system.  
 
Table 5.6 Maximum Displacements, Velocities and Accelerations 
and Settling Times for Both Asymmetrical and Symmetrical 
Systems of Combination 4 and 5 Due To Modified Step Input 
 
Combination 
Responses 
4 5 
Asym Sym Sym 
Maximum Displacement (m) 0.1005 0.093 0.0936 
Settling Time (s) 25.1591 24.6647 14.3099 
Maximum Velocity (m/s) 0.2965 0.284 0.274 
Settling Time (s) 24.9369 24.9199 14.5653 
Maximum Acceleration (m/s2) 2.0701 2.1149 2.0701 
Settling Time (s) 25.7071 23.5636 13.7435 
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Fig. 5.15 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 6 and 7 Due To Modified Step Input 
 
Figure 5.15 shows the time responses of the 
asymmetrical and symmetrical systems for combination 6 
and 7 due to modified step input, while Table 5.7 
summarises the maximum responses and their settling 
times for both systems of both combinations.  
For combination 6, the values in the table 
consistently show that the asymmetrical system has a 
smoother and more progressive performance than the 
symmetrical system i.e. the maximum responses and 
settling time values are lower. For combination 7, the 
values in the table consistently show that actually the 
symmetrical system has a smoother and more progressive 
performance than the asymmetrical system.  Therefore, we 
conclude that with modified step input, the asymmetrical 
system of combination 6 is better than its symmetrical 
system while the symmetrical system of combination 7 is 
better than its asymmetrical system.  
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Table 5.7 Maximum Displacements, Velocities and Accelerations 
and Settling Times for both Asymmetrical and Symmetrical 
Systems of Combination 6 and 7 Due To Modified Step Input 
 
Combination 
Responses 
6 7 
Asym Sym Asym Sym 
Maximum Displacement (m) 0.0871 0.0909 0.101 0.0931 
Settling Time (s) 9.389 9.4056 13.743 13.2128 
Maximum Velocity (m/s) 0.2521 0.2644 0.2926 0.2722 
Settling Time (s) 9.6635 9.6613 13.4737 13.4708 
Maximum Acceleration (m/s2) 2.0131 2.1184 0.2926 0.2722 
Settling Time (s) 8.8323 8.8137 13.4737 13.4708 
 
 
Fig. 5.16 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 8 and 9 Due To Modified Step Input 
 
Figure 5.16 shows the time responses of the 
asymmetrical and symmetrical systems for combination 8 
and 9 due to modified step input. Combination 9 has an 
asymmetry ratio γ value of 1 thus it is already a 
symmetrical system.  
Table 5.8 summarises the maximum responses and 
their settling times for both asymmetrical and symmetrical 
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systems of combination 8 and 9. For combination 8, the 
values in the table consistently show that the symmetrical 
system has a smoother and more progressive performance 
than the asymmetrical system i.e. the maximum responses 
and settling time values are lower. Therefore, we conclude 
that with modified step input, the symmetrical system of 
combination 8 is better than its asymmetrical system.  
 
Table 5.8 Maximum Displacements, Velocities and 
Accelerations and Settling Times for Both Asymmetrical and 
Symmetrical Systems of Combination 8 and 9 Due To 
Modified Step Input 
 
Combination 
Responses 
8 9 
Asym Sym Sym 
Maximum Displacement (m) 0.0946 0.0909 0.0885 
Settling Time (s) 9.8196 9.4056 7.1828 
Maximum Velocity (m/s) 0.2758 0.2644 0.2585 
Settling Time (s) 9.6504 9.6613 7.4402 
Maximum Acceleration (m/s2) 2.1384 2.1184 2.1347 
Settling Time (s) 9.3192 8.8137 6.6425 
 
The results obtained with the modified step input as 
shown in Figure 5.13-16 and Table 5.4-8 indicate that with 
increasing damping coefficient average, the overshoot 
responses and the settling times are lower for all 
combinations.  
It can also be concluded that with modified step 
input, combination 2, 3 and 6 provide better damping when 
they are asymmetrical systems, while combination 4, 7 and 
8 provide better damping when they are symmetrical 
systems. Combination 5 and 9 are already symmetrical. 
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Upon investigating the displacement overshoots of 
all combinations, it is found that combination 3 and 6 have 
the lowest overshoots. This is followed by combination 9 
then 2 then 5, 8, 1 and lastly 4 and 7. 
 
5.3.2 Modified Bump Input 
The following graphics shown in Figure 5.17-20 are 
the displacement, velocity and acceleration time responses 
produced for both the asymmetrical and symmetrical 
systems of combination 2 to 9 due to the modified bump 
input.  
 
 
Fig. 5.17 Time Responses of the Asymmetrical and Symmetrical Systems 
for Combination 2 and 3 Due To Modified Bump Input 
 
Figure 5.17 is the time responses of the 
asymmetrical and symmetrical systems for combination 2 
and 3 due to modified bump input. On investigating their 
maximum responses and settling time, we found that for 
combination 2 the asymmetrical system us slightly superior 
i.e. the asymmetrical system has a maximum displacement 
of 0.0194 m and settling time of 17.2644 s while the 
symmetrical system has a higher displacement of 0.0219 m 
yet shorter settling time of 17.245 s.  
For combination 3 we can also see that the 
asymmetrical system has a lower maximum displacement 
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yet longer settling time than the symmetrical system i.e. the 
asymmetrical system has a maximum displacement of 
0.0134 m and settling time of 11.6742 s while the 
symmetrical system has a higher displacement of 0.0212 m 
and longer settling time of 10.7505 s.    
Table 5.9 summarised the maximum responses and 
their settling times for both asymmetrical and symmetrical 
systems of combination 2 and 3. For both combinations, 
the values in the table consistently show that the 
asymmetrical system has a smoother and more progressive 
performance than the symmetrical system i.e. lower 
overshoots. Therefore, we conclude that with modified 
bump input, the asymmetrical systems of both combination 
2 and 3 are better than their symmetrical systems. 
 
Table 5.9 Maximum Displacements, Velocities and 
Accelerations and Settling Times for Both Asymmetrical 
and Symmetrical Systems of Combination 2 and 3 Due To 
Modified Bump Input 
 
Combination 
Responses 
2 3 
Asym Sym Asym Sym 
Maximum Displacement 
(m) 0.0194 0.0219 0.0134 0.0212 
Settling Time (s) 17.2644 17.245 11.6742 10.750 
Maximum Velocity (m/s) 0.1574 0.1646 0.1468 0.1664 
Settling Time (s) 15.8817 15.9009 9.275 9.9069 
Maximum Acceleration 
(m/s2) 2.5092 2.5525 2.5181 2.5859 
Settling Time (s) 11.8051 11.8224 6.2997 7.421 
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CHAPTER VI 
CONCLUSIONS 
 
The conclusions that can be drawn from this research 
study are summarised in the following: 
1. The results obtained with both the modified step and bump 
inputs indicate that with increasing damping coefficient 
average, the overshoot responses and the settling times are 
lower for all combinations. With modified step input, the 
better system of the combination always shows lower 
maximum responses and shorter settling times, 
consistently. However, with modified bump input, the 
better system of the combination often shows lower 
maximum responses yet with longer settling times.  
2. With modified step input, it is found that combination 3 
and 6 have the lowest overshoots. This is followed by 
combination 9 then 2 then 5, 8, 1 and lastly 4 and 7. With 
modified bump input, it is found that combination 3 has the 
lowest overshoots. This is followed by combination 6 then 
2 then 9, 5, 8 and 1. Combination 7 has the highest 
overshoot while combination 4 the second highest. 
3. The results obtained with the transient inputs indicate that 
combination 2, 3 and 6 (asymmetry ratio β above 1) 
provide better damping when they are asymmetrical 
systems while combination 4, 7 and 8 (asymmetry ratio β 
below 1) provide better damping when they are 
symmetrical systems. Combination 5 and 9 are already 
symmetrical. 
4. The comparison between the symmetrical and 
asymmetrical systems under the transient inputs and with 
the quarter car model showed that the asymmetrical 
system, with non-linear characteristics and asymmetry ratio 
above 1, tends to have a smoother and more progressive 
performance. This tendency increases with larger severity 
of impacts for the modified step input; meanwhile for the 
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modified bump input, this happens only for the SDR index 
while the RDR index stabilised. The asymmetry average 
also affects the performance of the vehicle. The higher the 
asymmetry average, the smoother and better the ride 
comfort.  
5. The comparison between the symmetrical and 
asymmetrical systems under steady-state input i.e. 
sinusoiral with the quarter car model showed that the 
asymmetry ratio of the systems does not influence the 
performance, instead the asymmetry average does. This 
performance shows the same trend at different velocities 
except the resonant velocity. At the resonant velocity, the 
quarter car model shows that the higher the asymmetry 
average, the higher is the performance of the vehicle. At 
any other velocity, the quarter car model shows that the 
performance is lower the higher the asymmetry average. 
 
 ENCLOSURE 1 
Ride Comfort Evaluation Data For Modified Step Input 
1. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 1 
     
Asymmetrical Symmetrical 
Combination Cs
+ Cs
- β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 0.594 1.565 5.19E-17 0.579 1.550 9.76E-14 
2 2000 1430 1.40 1715 0.538 1.508 1.84E-13 0.544 1.515 1.78E-13 
3 4000 1430 2.80 2715 0.478 1.448 9.64E-14 0.507 1.477 8.36E-14 
4 350 2000 0.18 1175 0.589 1.560 5.13E-17 0.567 1.538 6.73E-14 
5 2000 2000 1 2000 0.533 1.504 1.82E-13 0.533 1.504 1.82E-13 
6 4000 2000 2 3000 0.473 1.444 9.66E-14 0.497 1.466 7.48E-14 
7 350 4000 0.09 2175 0.576 1.545 4.99E-17 0.526 1.497 1.89E-13 
8 2000 4000 0.5 3000 0.522 1.490 1.78E-13 0.497 1.466 7.48E-14 
9 4000 4000 1 4000 0.463 1.433 9.44E-14 0.463 1.433 9.44E-14 
 
 
 
 
 
 
 
 
 
 
 2. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 5 
     
Asymmetrical Symmetrical 
Combination Cs
+ Cs
- β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 1.002 2.002 1.95E-12 0.937 1.937 4.06E-12 
2 2000 1430 1.40 1715 0.863 1.863 1.95E-12 0.888 1.888 1.69E-12 
3 4000 1430 2.80 2715 0.839 1.734 4.51E-12 0.832 1.832 3.57E-12 
4 350 2000 0.18 1175 1.010 2.010 2.20E-12 0.919 1.919 1.88E-12 
5 2000 2000 1 2000 0.871 1.871 2.20E-12 0.871 1.871 2.20E-12 
6 4000 2000 2 3000 0.833 1.741 3.88E-12 0.817 1.817 3.70E-12 
7 350 4000 0.09 2175 1.020 2.020 2.01E-12 0.862 1.862 2.54E-12 
8 2000 4000 0.5 3000 0.893 1.893 2.01E-12 0.817 1.817 3.70E-12 
9 4000 4000 1 4000 0.815 1.770 4.34E-12 0.815 1.771 4.34E-12 
 
3. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 20 
     
Asymmetrical Symmetrical 
Combination Cs
+ 
Cs
- 
β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 1.086 2.086 1.70E-10 0.985 1.969 5.48E-11 
2 2000 1430 1.40 1715 0.983 1.873 4.39E-11 0.980 1.913 5.45E-11 
3 4000 1430 2.80 2715 0.983 1.719 4.53E-11 0.977 1.853 2.52E-10 
4 350 2000 0.18 1175 1.105 2.105 8.71E-11 0.984 1.949 5.17E-11 
5 2000 2000 1 2000 0.979 1.896 5.03E-11 0.979 1.896 5.03E-11 
6 4000 2000 2 3000 0.978 1.739 3.48E-12 0.975 1.840 2.60E-10 
7 350 4000 0.09 2175 1.126 2.126 2.89E-10 0.977 1.885 5.70E-11 
8 2000 4000 0.5 3000 0.972 1.940 5.95E-11 0.975 1.840 2.60E-10 
9 4000 4000 1 4000 0.972 1.787 6.01E-11 0.972 1.787 6.01E-11 
 4. Performance Indices Generated After Simulating 
The Asymmetrical System (β = 0.24) and 
Symmetrical System of Combination 1 
 
Asymmetrical Symmetrical 
Severity Parameter RDR SDR SAR RDR SDR SAR 
0 0 1   0 1   
0.01 2.73E-04 1.000011 2.807337 2.78E-04 1.00E+00 1.52E+00 
0.02 0.001041 1.000002 1.563456 1.06E-03 1.00E+00 1.49E+00 
0.03 0.002263 1.000012 1.601045 0.002305 1.000006 1.590384 
0.04 0.00388 1.000018 1.442915 0.003953 1.00001 1.459849 
0.05 0.005872 1.00009 1.584002 0.005981 1.000018 1.262206 
0.06 0.008148 1.000101 1.254842 0.008313 1.000098 1.70E-05 
0.07 0.010756 1.00031 0.99804 1.10E-02 1.00E+00 2.95E-07 
0.08 0.01362 1.000709 2.01E-10 1.38E-02 1.00E+00 1.39E+00 
0.09 0.016697 1.001297 1.253051 0.017054 1.001271 0.106571 
0.1 0.019955 1.002156 1.412378 0.020414 1.002116 1.327395 
0.11 0.023518 1.003254 1.12E-12 0.023967 1.0032 1.38E-12 
0.12 0.027162 1.004639 2.54E-12 0.02771 1.004558 4.75E-13 
0.13 0.030988 1.006319 8.56E-13 0.031584 1.006126 1.62E-13 
0.14 0.034919 1.008144 4.49E-13 0.035557 1.008079 1.50E-13 
0.15 0.038998 1.01051 6.23E-13 0.03973 1.010204 2.86E-13 
0.16 0.043168 1.012882 7.30E-14 0.044011 1.012846 9.96E-14 
0.17 0.04742 1.015622 7.29E-14 0.048295 1.015489 5.59E-13 
0.18 0.05175 1.01854 2.64E-13 0.052665 1.018604 5.61E-13 
0.19 0.056188 1.022079 1.48E-13 0.057162 1.021849 8.14E-13 
0.2 0.060692 1.025469 3.90E-13 0.061887 1.025 5.92E-13 
0.3 0.128243 1.07345 1.05E-12 0.125943 1.072077 5.06E-13 
0.4 0.207568 1.135995 6.23E-13 0.203445 1.133415 6.28E-13 
 0.5 0.286867 1.216556 2.72E-14 0.280886 1.212135 9.23E-13 
0.6 0.361552 1.287393 1.77E-14 0.354229 1.28116 8.46E-13 
0.7 0.42965 1.351749 3.48E-18 0.420608 1.34376 8.99E-13 
0.8 0.491487 1.430706 3.07E-18 0.480236 1.417843 7.05E-13 
0.9 0.546365 1.503119 2.95E-18 0.533152 1.490526 7.05E-15 
1 0.594205 1.564987 4.46E-18 0.579359 1.550457 9.76E-15 
2 0.844141 1.843351 1.20E-11 0.819488 1.818555 3.49E-15 
3 0.931547 1.931516 0.10054 0.893815 1.893786 1.30E-12 
4 0.971241 1.971239 0.071569 0.923116 1.923116 1.55E-13 
5 1.002209 2.002209 0.059795 0.936644 1.936644 4.06E-13 
6 1.022768 2.022768 0.051058 0.946704 1.946704 3.52E-13 
7 1.037328 2.037328 4.18E-12 0.953048 1.953048 2.53E-13 
8 1.048069 2.048069 1.68E-12 0.957217 1.957217 2.77E-12 
9 1.056191 2.056191 0.028975 0.960111 1.960111 5.61E-13 
10 1.062523 2.062523 0.030141 0.962185 1.962185 1.88E-13 
11 1.067454 2.067454 0.025532 0.963736 1.963736 2.36E-13 
12 1.071386 2.071386 0.021914 0.964925 1.964925 6.76E-13 
13 1.074571 2.074571 0.01902 0.965852 1.965852 2.96E-12 
14 1.077158 2.077158 0.017448 0.97124 1.966589 5.93E-13 
15 1.079316 2.079316 0.015796 0.97444 1.967185 1.01E-12 
20 1.085342 2.085942 0.010094 0.984971 1.968951 5.48E-12 
30 1.090995 2.090995 0.004557 0.993798 1.970218 1.11E-09 
40 1.092799 2.092799 0.002751 0.99411 1.970653 3.95E-07 
50 1.093637 2.093637 0.001882 0.997961 1.970868 1.61E-04 
 
 
 
 5. Performance Indices Generated After Simulating 
The Asymmetrical System (β = 2.80) and 
Symmetrical System of Combination 3 
 
Asymmetrical Symmetrical 
Severity Parameter RDR SDR SAR RDR SDR SAR 
0 0 1   0 1   
0.01 2.71E-04 1.000001 1.484064 2.60E-04 1.000001 1.124583 
0.02 0.001041 1 1.58041 9.98E-04 1 1.558803 
0.03 0.002262 1.000008 1.57613 0.002164 1.000001 1.595825 
0.04 0.003887 1.000005 1.490333 0.003717 1.000011 1.491945 
0.05 0.005867 1.000022 1.536588 0.00561 1.000015 1.326989 
0.06 0.008162 1.000012 1.205228 0.007822 1.000018 1.244545 
0.07 0.01077 1.000011 0.954753 0.010306 1.000021 0.997351 
0.08 0.013625 1.000019 0.76637 0.013027 1.000026 8.07E-01 
0.09 0.016678 1.000018 0.619288 0.015971 1.000028 0.660154 
0.1 0.019985 1.000136 0.511475 0.019156 1.000035 1.36498 
0.11 0.023518 1.000054 1.455113 0.022466 1.000037 1.38E+00 
0.12 0.02716 1.000052 1.324041 0.025854 1.000037 3.05E-12 
0.13 0.030986 1.00011 1.21E-13 0.029469 1.000112 1.48E-11 
0.14 0.034917 1.00023 1.05E-12 0.033234 1.000256 1.36E-12 
0.15 0.038995 1.00049 4.81E-13 0.037134 1.000518 4.89E-13 
0.16 0.043166 1.000819 2.95E-13 0.041153 1.000883 3.98E-13 
0.17 0.047419 1.001325 1.16E-13 0.045252 1.001387 9.80E-13 
0.18 0.051745 1.002018 8.64E-13 0.049481 1.002158 4.11E-13 
0.19 0.056183 1.002734 1.86E-13 0.053716 1.003086 3.55E-13 
0.2 0.060687 1.003829 4.52E-13 0.058023 1.004247 4.15E-13 
0.3 0.107664 1.027555 2.88E-13 0.106052 1.029195 3.22E-13 
0.4 0.165559 1.072037 2.10E-12 0.17394 1.076353 1.81E-12 
 0.5 0.229844 1.12697 1.53E-14 0.241783 1.133707 2.32E-14 
0.6 0.290289 1.171893 6.92E-19 0.3062 1.182475 2.76E-14 
0.7 0.345304 1.260312 1.12E-18 0.365146 1.27747 2.64E-14 
0.8 0.394622 1.33574 3.13E-19 0.418039 1.357222 3.28E-18 
0.9 0.437837 1.397107 1.56E-14 0.464968 1.4226 1.12E-14 
1 0.477521 1.447598 9.64E-15 0.507199 1.476699 8.36E-15 
2 0.667447 1.666604 7.29E-13 0.724624 1.72364 2.80E-13 
3 0.721523 1.716234 2.75E-13 0.792341 1.792306 9.75E-14 
4 0.794225 1.730249 1.50E-13 0.818822 1.818821 1.31E-13 
5 0.839183 1.734191 4.51E-13 0.832414 1.832414 3.57E-13 
6 0.870351 1.735027 3.77E-13 0.859641 1.838312 5.61E-13 
7 0.893244 1.734752 3.58E-13 0.887809 1.843965 2.00E-12 
8 0.916795 1.734167 1.50E-12 0.904293 1.847075 9.82E-14 
9 0.932269 1.731661 5.15E-13 0.911906 1.848856 1.01E-13 
10 0.941789 1.728785 5.31E-13 0.92902 1.849439 5.25E-13 
11 0.946843 1.727045 1.91E-13 0.941127 1.84953 4.01E-13 
12 0.94875 1.727025 1.83E-13 0.949705 1.852207 2.69E-13 
13 0.958361 1.724311 6.66E-13 0.951082 1.85282 7.05E-13 
14 0.959432 1.723252 1.11E-12 0.953147 1.853168 4.86E-13 
15 0.964739 1.722348 1.89E-12 0.960127 1.853786 1.50E-12 
20 0.982914 1.719387 4.53E-12 0.976958 1.853445 2.52E-11 
30 0.992635 1.717029 8.47E-10 0.990232 1.855716 4.07E-10 
40 0.994048 1.716154 1.11E-07 0.993699 1.854644 4.07E-10 
50 0.997505 1.716284 8.42E-05 0.995353 1.855063 1.32E-06 
 
 
 
 
 ENCLOSURE 2 
Ride Comfort Evaluation Data For Modified Bump Input 
1. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 1 
     
Asymmetrical Symmetrical 
Combination Cs
+ Cs
- β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 1.265 1.551 8.06E-29 1.242 1.477 7.62E-29 
2 2000 1430 1.40 1715 1.130 1.407 7.49E-29 1.139 1.441 7.35E-29 
3 4000 1430 2.80 2715 0.991 1.255 7.47E-29 1.086 1.401 7.54E-29 
4 350 2000 0.18 1175 1.275 1.567 7.91E-29 1.120 1.463 7.55E-29 
5 2000 2000 1 2000 1.123 1.429 7.16E-29 1.123 1.429 7.16E-29 
6 4000 2000 2 3000 0.972 1.281 7.21E-29 1.073 1.394 7.55E-29 
7 350 4000 0.09 2175 1.320 1.629 7.59E-29 1.112 1.422 7.31E-29 
8 2000 4000 0.5 3000 1.174 1.497 7.53E-29 1.073 1.394 7.55E-29 
9 4000 4000 1 4000 1.028 1.363 7.56E-29 1.028 1.363 7.56E-29 
 
 
 
 
 
 
 
 
 
 
 2. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 5 
     
Asymmetrical Symmetrical 
Combination Cs
+ 
Cs
- 
β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 0.997 0.587 1.69E-29 0.999 0.456 1.61E-29 
2 2000 1430 1.40 1715 0.999 0.387 1.91E-29 0.999 0.438 2.71E-29 
3 4000 1430 2.80 2715 0.999 0.267 3.24E-29 0.995 0.425 3.34E-29 
4 350 2000 0.18 1175 0.998 0.633 1.72E-29 0.999 0.449 1.63E-29 
5 2000 2000 1 2000 0.998 0.432 1.96E-29 0.998 0.432 1.96E-29 
6 4000 2000 2 3000 0.998 0.293 3.31E-29 0.994 0.293 2.41E-29 
7 350 4000 0.09 2175 0.998 0.756 1.93E-29 0.998 0.429 3.44E-29 
8 2000 4000 0.5 3000 0.998 0.564 2.20E-29 0.994 0.423 2.41E-29 
9 4000 4000 1 4000 0.996 0.407 3.57E-29 0.996 0.407 3.57E-29 
 
3. Performance Indices Generated After Simulating 
All Combinations at Severity Parameter γ of 20 
     
Asymmetrical Symmetrical 
Combination Cs
+ 
Cs
- 
β α RDR SDR SAR*10 RDR SDR SAR*10 
1 350 1430 0.24 890 0.999 0.183 3.62E-30 0.999 0.121 3.51E-30 
2 2000 1430 1.40 1715 0.999 0.093 3.62E-30 0.999 0.115 3.66E-30 
3 4000 1430 2.80 2715 0.999 0.088 3.64E-30 0.999 0.109 4.23E-30 
4 350 2000 0.18 1175 0.999 0.205 3.82E-30 0.999 0.118 3.56E-30 
5 2000 2000 1 2000 0.999 0.114 3.89E-30 0.999 0.114 3.89E-30 
6 4000 2000 2 3000 0.999 0.076 3.82E-30 0.999 0.108 4.41E-30 
7 350 4000 0.09 2175 0.999 0.265 4.84E-30 0.999 0.113 3.99E-30 
8 2000 4000 0.5 3000 0.999 0.175 4.96E-30 0.999 0.108 4.41E-30 
9 4000 4000 1 4000 0.999 0.107 4.92E-30 0.999 0.107 4.92E-30 
 4. Performance Indices Generated After Simulating 
The Asymmetrical System (β = 0.24) and 
Symmetrical System of Combination 1 
 
Asymmetrical Symmetrical 
Severity Parameter RDR SDR SAR RDR SDR SAR 
0 0 1 0 0 1 0 
0.01 0.031834 1.00581 3.37E-29 0.031697 1.005659 1.89E-29 
0.02 0.064948 1.029073 2.60E-29 0.063416 1.028422 1.84E-29 
0.03 0.098915 1.054497 2.66E-29 0.096584 1.053178 1.81E-29 
0.04 0.13347 1.081693 3.34E-29 0.130636 1.079999 1.84E-29 
0.05 0.168716 1.123387 3.39E-29 0.164819 1.120443 1.87E-29 
0.06 0.203786 1.143029 2.12E-29 0.198651 1.140296 1.89E-29 
0.07 0.238773 1.194738 2.13E-29 0.233303 1.190916 1.90E-29 
0.08 0.273898 1.226544 2.15E-29 0.26783 1.221413 1.92E-29 
0.09 0.309057 1.242772 2.67E-29 0.302088 1.236752 1.92E-29 
0.1 0.34383 1.247166 1.99E-29 0.335995 1.240013 1.92E-29 
0.11 0.378063 1.268643 2.00E-29 0.369343 1.261526 1.93E-29 
0.12 0.411684 1.329607 1.99E-29 0.402068 1.321293 1.92E-29 
0.13 0.444554 1.384206 1.99E-29 0.434125 1.374881 1.92E-29 
0.14 0.476673 1.433228 1.98E-29 0.465427 1.422801 1.91E-29 
0.15 0.507912 1.478322 1.97E-29 0.495919 1.466509 1.90E-29 
0.16 0.538625 1.521089 1.96E-29 0.525544 1.508297 1.89E-29 
0.17 0.567594 1.559008 1.95E-29 0.554237 1.545631 1.87E-29 
0.18 0.596935 1.592957 1.93E-29 0.582398 1.579127 1.86E-29 
0.19 0.624699 1.623146 1.92E-29 0.609692 1.609333 1.85E-29 
0.2 0.652497 1.652497 1.90E-29 0.63626 1.63626 1.82E-29 
0.3 0.879272 1.818679 1.67E-29 0.85673 1.790931 1.61E-29 
0.4 1.039572 1.866121 1.46E-29 1.006942 1.830314 1.40E-29 
 0.5 1.145538 1.855423 1.36E-29 1.126116 1.811089 1.28E-29 
0.6 1.210451 1.809063 1.25E-29 1.207081 1.757496 1.16E-29 
0.7 1.252979 1.749361 1.13E-29 1.250531 1.693357 1.04E-29 
0.8 1.273823 1.685325 1.01E-29 1.266649 1.620306 9.31E-30 
0.9 1.276126 1.617809 9.03E-30 1.263786 1.546766 8.37E-30 
1 1.264839 1.55101 8.06E-30 1.241525 1.476815 7.62E-30 
2 1.032173 1.087107 4.49E-30 0.985702 0.986634 4.55E-30 
3 0.993992 0.846188 2.93E-30 0.996341 0.723327 3.11E-30 
4 0.993356 0.700039 2.18E-30 0.995872 0.561281 2.20E-30 
5 0.998684 0.587206 1.69E-30 0.999046 0.456023 1.61E-30 
6 0.998468 0.514761 1.32E-30 0.998964 0.386522 1.29E-30 
7 0.999693 0.459626 1.06E-30 0.999771 0.336611 1.04E-30 
8 0.999665 0.40733 8.73E-31 0.999763 0.293426 8.52E-31 
9 0.999726 0.369376 7.31E-31 0.999819 0.262128 7.04E-31 
10 0.999635 0.342907 6.19E-31 0.999806 0.238096 5.96E-31 
11 0.99974 0.315275 6.03E-31 0.99984 0.217943 5.31E-31 
12 0.999945 0.293448 4.57E-31 0.999936 0.198846 6.83E-31 
13 0.999946 0.270728 5.18E-31 0.999959 0.184636 6.97E-31 
14 0.999943 0.251525 5.26E-31 0.999957 0.171128 4.91E-31 
15 0.999938 0.236042 4.65E-31 0.999955 0.160186 4.34E-31 
20 0.999987 0.182645 3.62E-31 0.99999 0.121275 3.51E-31 
30 0.999982 0.126704 1.69E-31 0.999987 0.084396 1.62E-31 
40 0.999998 0.093196 9.54E-32 0.999999 0.060866 9.27E-32 
50 1 0.077329 6.26E-32 0.999998 0.049153 5.92E-32 
 
 
 
 5. Performance Indices Generated After Simulating 
The Asymmetrical System (β = 2.80) and 
Symmetrical System of Combination 3 
 
Asymmetrical Symmetrical 
Severity Parameter RDR SDR SAR RDR SDR SAR 
0 0 1 0 0 1 0 
0.01 3.11E-02 1.000023 1.80E-29 2.98E-02 1.00E+00 1.70E-29 
0.02 0.060838 1.00491 1.75E-29 5.83E-02 1.01E+00 1.66E-29 
0.03 0.089238 1.013489 1.72E-29 0.085443 1.014718 1.62E-29 
0.04 0.115965 1.029362 1.68E-29 0.111434 1.03146 1.57E-29 
0.05 0.141772 1.057244 1.63E-29 0.139965 1.060815 1.58E-29 
0.06 0.166945 1.077299 1.59E-29 0.169814 1.082162 1.59E-29 
0.07 0.191047 1.11724 1.56E-29 2.00E-01 1.12E+00 1.60E-29 
0.08 0.217177 1.137641 1.56E-29 2.30E-01 1.15E+00 1.61E-29 
0.09 0.245359 1.141599 1.55E-29 0.259818 1.151174 1.62E-29 
0.1 0.273135 1.138527 1.56E-29 0.289089 1.147982 1.63E-29 
0.11 0.301175 1.192431 1.57E-29 0.318616 1.207504 1.62E-29 
0.12 0.327681 1.244916 1.57E-29 0.346922 1.262178 1.63E-29 
0.13 0.354332 1.29416 1.56E-29 0.375597 1.311172 1.62E-29 
0.14 0.380258 1.338569 1.56E-29 0.403437 1.357912 1.61E-29 
0.15 0.405723 1.378675 1.55E-29 0.430647 1.400302 1.61E-29 
0.16 0.430555 1.414533 1.54E-29 0.456886 1.438415 1.59E-29 
0.17 0.455996 1.446598 1.52E-29 0.482125 1.472488 1.59E-29 
0.18 0.479924 1.475282 1.51E-29 0.507389 1.50377 1.59E-29 
0.19 0.501542 1.501347 1.51E-29 0.531905 1.53145 1.58E-29 
0.2 0.524274 1.524274 1.50E-29 0.556608 1.556464 1.56E-29 
0.3 0.710192 1.649494 1.34E-29 0.757957 1.697186 1.41E-29 
0.4 0.832362 1.664873 1.19E-29 0.898335 1.735547 1.26E-29 
 0.5 0.909281 1.627791 1.05E-29 0.991103 1.712602 1.13E-29 
0.6 0.976943 1.55712 9.63E-30 1.049766 1.663973 1.00E-29 
0.7 1.010609 1.48751 9.01E-30 1.081627 1.602289 8.97E-30 
0.8 1.019394 1.40938 8.45E-30 1.094257 1.534131 8.45E-30 
0.9 1.012089 1.33613 7.94E-30 1.096205 1.470139 7.97E-30 
1 0.990884 1.255143 7.47E-30 1.085794 1.40139 7.54E-30 
2 0.959579 0.747659 8.50E-30 0.972335 0.935055 4.65E-30 
3 0.993734 0.482197 4.66E-30 0.983831 0.671977 3.77E-30 
4 0.993042 0.339286 2.88E-30 0.996589 0.520314 2.44E-30 
5 0.998745 0.267385 3.24E-30 0.995444 0.425065 3.34E-30 
6 0.998701 0.22946 1.40E-30 0.999391 0.364056 2.11E-30 
7 0.99973 0.208713 1.91E-30 0.999306 0.305401 1.24E-30 
8 0.999662 0.184404 8.65E-31 0.999125 0.268064 1.18E-30 
9 0.999819 0.170079 1.03E-30 0.998409 0.253135 1.41E-30 
10 0.999777 0.156424 9.36E-31 0.999854 0.22046 9.36E-31 
11 0.999799 0.145519 5.48E-31 0.99987 0.198981 6.89E-31 
12 0.999816 0.136452 8.02E-31 0.999939 0.188529 6.23E-31 
13 0.999938 0.12684 5.11E-31 0.999838 0.166401 5.71E-31 
14 0.999936 0.118627 4.86E-31 0.999772 0.157097 5.37E-31 
15 0.999933 0.111983 4.30E-31 0.999687 0.152278 4.82E-31 
20 0.999988 0.08823 3.64E-31 0.999971 0.109163 4.23E-31 
30 0.999986 0.060728 1.70E-31 0.999979 0.073413 2.02E-31 
40 0.999998 0.04531 9.63E-32 0.999996 0.054757 1.18E-31 
50 0.999998 0.036455 6.15E-32 0.999996 0.043997 7.59E-32 
 
 
 
 ENCLOSURE 3 
Ride Comfort Evaluation Data For Sinusoidal Input 
 
 Root-Mean-Square Acceleration of Sprung Mass (m/s2) 
Combination 
1 2 3 4 5 6 7 8 9 Velocity 
(km/hr) 
0 0 0 0 0 0 0 0 0 0 
10 0.508 0.503 0.499 0.505 0.504 0.500 0.504 0.498 0.486 
20 0.706 0.734 0.734 0.729 0.729 0.743 0.766 0.746 0.810 
30 0.540 0.559 0.622 0.556 0.610 0.615 0.636 0.641 0.658 
40 0.639 0.605 0.662 0.652 0.647 0.675 0.667 0.687 0.772 
50 0.740 0.809 0.828 0.755 0.797 0.841 0.750 0.842 0.886 
60 0.974 0.971 1.097 0.974 0.971 1.121 0.979 1.116 1.280 
70 1.606 1.497 1.698 1.575 1.492 1.667 1.589 1.668 1.551 
80 3.601 2.590 1.954 2.914 2.400 1.843 2.227 1.848 1.526 
90 1.786 1.950 1.720 1.874 1.885 1.681 1.793 1.683 1.592 
100 1.082 1.209 1.276 1.138 1.235 1.299 1.229 1.301 1.357 
110 0.664 0.783 0.915 0.697 0.870 0.998 0.780 0.998 1.112 
120 0.481 0.591 0.722 0.509 0.631 0.765 0.622 0.766 0.891 
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